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ABSTRACT 
Interactions Among Selected Algae 
and Ciliated Protozoa 
September, 1980 
John Steven Dobi, B.S., Rutgers College 
M.S., Rutgers University 
Ph.D., University of Massachusetts 
Directed by: Professor Haim B. Gunner 
Ciliated protozoa selectively migrate to and 
ingest specific algal cells. This characteristic affects 
the behavior and size of both populations. Dense protozoa 
concentrations may feed on specific algae, triggering 
"bloom" conditions of less edible algal cells. The 
ability of the ciliate to graze as a selective herbivore 
may affect the entire lacustrine ecosystem. In order 
for ciliates to reach maximum herbivorous activity how¬ 
ever, a residual or threshold level of bacteria must 
be present. 
Laboratory experiments demonstrated that dif¬ 
ferences in ciliate concentrations among cultures of 
test algal species was the result of either specific 
attraction, selective migration or chance migration. 
Among the algal species tested, the ciliated protozoa 
vi 
preferentially migrated to and ingested two ubiquitous 
unicellular chlorophytes Chlorococcum hypnosporum and 
Chlorella vulgaris. Of these, the ciliates were most 
'avidly' attracted to cultures of young C. hypnosporum, 
in which zoospores and immature cells predominated. 
Algal cell size, however, was not found to stimulate or 
otherwise influence ciliate migration. 
Algal cell density, algal test species, ciliate 
density and the palatability of residual bacterial cells 
present were also found to influence ciliate migratory 
behavior. 
Vll 
TABLE OF CONTENTS 
ACKNOWLEDGEMENT. iv 
ABSTRACT. vi 
LIST OF TABLES. x 
LIST OF FIGURES. xii 
LIST OF APPENDICES. xv 
INTRODUCTION. 1 
LITERATURE REVIEW. 2 
METHODS AND MATERIALS. 20 
Laboratory Studies. 20 
Stock cultur s. 20 
Ciliated protozoa. 20 
Algae. 21 
Littoral bacteria. 21 
Enumeration procedures. 23 
Ciliates. 23 
Algae. 24 
Bacteria. 24 
Ciliate survival studies. 24 
Effects of pH on ciliate survival. 24 
Bacteria, macrophyte tissue and 
carbohydrate interactions. 25 
Selected cyanophytes and chlorophytes. 26 
Techniques demonstrating the selective 
migration of ciliates to 
algae. 2? 
Beaker technique. 27 
Glass "Y" technique. 31 
Sealed pasteur pipet technique. 32 
Selective migration chamber. 33 
Ciliate-Chlorococcum hypnosporum 
interactions. 39 
C. hypnosporum growth curve. . 39 
Ciliate influence on C. hypnosporum 
life cycle. 42 
Selective migration by ciliates to 
various components of 
C . hypnosporum. 43 
Vlll 
The effect of added increments of 
chlorophyte cells on ciliate 
survival. ^ 
Ciliate, zoospore, bacterial 
interactions. ^6 
Preferential algal cell ingestion by 
ciliates. ^8 
Field Studi . 5° 
RESULTS. 51 
Laboratory Studies. 51 
Ciliate survival studies. 51 
Effects of pH on ciliate survival. 51 
Effects of population interactions 
on ciliate survival. 51 
The effects of cyanophyte and chlorophyte 
cells on ciliate survival. 58 
The selective response of ciliated protozoa 
to various algal species. 6l 
Interactions between ciliated protozoa 
and C. hypnosporum. 70 
Ciliated protozoa influence on a C. hypno¬ 
sporum population. ?2 
Components of C. hypnosporum that influence 
Paramecium spp. migration. 75 
Chlorophyte density and ciliate survival.... 82 
The influence of zoospores and bacteria on 
P. caudatum  92 
P. caudatum and the selective ingestion 
of algal c ll . 102 
Field Studies. 110 
DISCUSSION. 1^0 
SUMMARY. 169 
LITERATURE CITED. 171 
APPENDIX. 186 
IX 
LIST OF TABLES 
Table Page 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
Ciliated Protozoa and Algal Species Used. 
Protocol for the pH Experiment. 
Protocol for the Interaction Experiment. 
Protocol for the Cyanophyte and 
Chlorophyte Experiment. 
Protocol for the Beaker Technique 
Experiment. 
Protocol for the Glass "Y" Technique 
Experiment. 
Protocol for the Pasteur pipet 
Technique Experiment. 
Protocol for the Selective Migration 
Chamber Experiment. 
Protocol for Development of a C. 
hypnosporum Growth Curve. 
Protocol for the Ciliate-C. hypnosporum 
Experiment. 
Protocol for the C. hypnosporum 
Component Experiment. 
Protocol for the Ciliate Interaction with 
Increments of Algal Cells 
Experiment. 
Protocol for the Ciliate, Zoospore, 
Bacterial Interaction 
Experiment. 
Protocol for the Preferential Algal Cell 
Ingestion Experiment. 
An Analysis of Both Position and Species 
Effect in the Beaker Experiment 
with Corresponding F Values.... 
Ciliate migration in the Glass "Y" 
Experiment. 
Algal Cell Density in the Pasteur Pipet 
Technique for the Assessment 
of Ciliate Selective Migration. 
Experimental Protocol and Statistical 
Results for the Ciliate 
Migration Chamber Tests. 
Ciliate Selective Migration to Various 
Components of C. hypnosporum 
Using the Glass "Y" Technique.. 
Relative Preference Indices in the Selective 
Ingestion of Algal Cells by P. 
caudatum  
An Analysis of the Replicate Data in the 
Algal Ingestion Experiment. 
22 
25 
25 
27 
28 
32 
33 
39 
42 
43 
44 
45 
47 
49 
62 
63 
69 
71 
80 
105 
106 
x 
Table 
22 
Page 
Average Algal Cell Ingestion in 
Mixed Cultures Expressed as a Per¬ 
centage of Single Culture Ingestion 107 
xi 
LIST OF FIGURES 
Figure Page 
1 Beaker Apparatus with Central Ciliate 
Well and Attached Beakers. 
2 Ciliate Selective Migration Apparatus 
Showing Cover and Drains. 
3 Selective Migration Apparatus with 
Attached Migration Maze, Attached 
Medium and Stopcock. 
4 Selective Migration Maze with Four 
Sampling Ports and Sampling 
yringe.■ 
5 The Effect of pH on Ciliate Survival.... 
6 The Effect of Amendments of Bacterial 
Cells, Carbohydrate and Plant 
Tissue on a Ciliate Population 
(Curve s 1,2,3» 8).. 
7 The Effect of Amendments of Bacterial 
Cells, Carbohydrate and Plant 
Tissue on a Ciliate Population 
(Curves 4,5.6,?)  
8 The Effect of Various Algal Species on 
a Mixed Ciliate Population. 
9 The Selective Migration of Ciliated 
Protozoa to Various Algal Cultures 
in Pasteur Pipets. 
10 Growth of C. hypnosporum in BBM. 
11 The Influence of Paramecium spp. on 
a C. hypnosporum Culture. 
12 A Culture of C. hypnosporum Without 
the Influence of Paramecium spp. 
13 Ciliate Growth in the Presence of C. 
pyrenoidosa  
14 Ciliate Growth Without Algal Amendments 
(Control). 
15 Ciliate Growth in the Presence of C. 
vulgaris. 
16 Ciliate Growth in the Presence of C. 
hypnosporum  
1? The Influence of Bacteria and Zoospores 
on a Ciliate Population. 
18 The Influence of Bacteria Without_ 
Zoospores on a Ciliate Population... 
19 The Influence of Zoospores and Bacteria 
on a Ciliate Population. 
30 
35 
38 
41 
53 
55 
57 
60 
68 
74 
77 
79 
84 
86 
88 
90 
94 
96 
99 
Xll 
Fi£ 
20 
21 
22 
23 
24 
25 
26 
2? 
28 
29 
30 
31 
32 
33 
101 
113 
115 
117 
119 
121 
124 
127 
129 
131 
133 
135 
137 
139 
The Influence of Zoospores With¬ 
out Bacteria on a Ciliate 
Population. 
The Number of Ciliated Protozoa 
in the Littoral Zone of 
Pottapaug Pond During 1975 and 
1976. 
The Number of Algal Cells in the 
Littoral Zone of Pottapaug Pond 
During 1975. 
The Number of Algal Cells in the 
Littoral Zone of Pottapaug Pond 
During 1976. 
The Difference in Composition of 
Various Algal Cells in the 
Littoral Zone of Pottapaug 
Pond During 1975. 
The Difference in Composition of 
Various Algal Cells in the 
Littoral Zone of Pottapaug Pond 
During 1976. 
The Number of Bacterial Cells in the 
Littoral Zone of Pottapaug Pond 
During 1975 and 1976. 
The Number of Ciliated Protozoa in 
the Littoral Zone of Lashaway 
Lake During 1975 and 1976. 
The Number of Algal Cells in the 
Littoral Zone of Lashaway Lake 
During 1975. 
The Number of Algal Cells in the 
Littoral Zone of Lashaway Lake 
During 1976. 
The Difference in Composition of 
Various Algal Cells in the Littoral 
Zone of Lashaway Lake During 1975•- 
The Difference in Composition of 
Various Algal Cells in the 
Littoral Zone of Lashaway Lake 
During 1976. 
The Number of Bacterial Cells in the 
Littoral Zone of Lashaway Lake 
During 1975 and 1976. 
Aerial View of Pottapaug Pond. 
Paramecium spp. void of 
XI11 
Figure Page 
Intracellular Algal Cells. 158 
ing Many C. vulgaris. Each Vacuole 
Contains Many Discrete Algal Cells. 160 
36 Paramecium spp. with Intracellular Algal 
Cells Passing a Discrete Aggregation 
Through the Cytoproct. Different 
Stages of Algal Decomposition Are 
Represented by Different Shades of 
Gre n. 162 
37 C. hypnosporum in Various Stages of 
Development; Zoospores, Immature 
and Vegetative Cells. 164 
38 Paramecium spp. Containing C. hypnosporum 
Zoospores and Immature Cells. The 
Vacuoles Contain From 1 to 3 Algal 
Cells E ch. 166 
39 P. caudatum After Ingestion of a 
Filament of Oscillatoria spp. as 
Well as Other Unicellular Chloro- 
phytes. The Filament is Shown as 
an Intracellular Algal Rod. 168 
xiv 
LIST OF APPENDICES 
Appendix Page 
1 Bold's Basic Medium. 186 
2 Algal Cell Density in Relation 
to Ciliate Survival in the 
Test Tube Experiment. 187 
3 The Position of Each Algal Species 
in the Six Beaker Experiments 
with the Corresponding F Test 
Value Computed from All Sample 
Days. 188 
4 Algal Cell Density in the Beaker 
Technique. 189 
5 F Test Values Computed from the 
Results of the Glass "Y". 190 
6 The Mean Number of Algal Cells 
in Each Culture at the 
Beginning of the Migration 
Chamber Experiments. 192 
? An Analysis of the C. hypnosporum 
Component Experiment Data by the 
ANOVA Method. 193 
8 F Test Values to Assess Ciliate 
Population Increases in Relation 
to Additions of Selected Algal 
Cells. 194 
9 P. caudatum and the Selective In¬ 
gestion of Algal Cells in Single 
and Mixed Cultures. 195 
10 The Size of Each Algal Cell Tested 
in the Ingestion Experiment. 197 
xv 
INTRODUCTION 
Ciliated protozoa form a significant percentage of 
the microplankton in the littoral zone (Sorokin and 
Paveljeva 1972). However, little is known of the inter¬ 
action that occurs between ciliates and other biota, 
especially nannoplanktonic chlorophytes. Recent ecological 
research has focused on identifying the precise function 
of herbivorous zooplankters in the lacustrine environment 
(Porter 1975, 1976, 1977), especially the effects of rotifer 
and crustacean grazing on open water populations. Similarly 
the interaction of ciliates and bacteria has been well in¬ 
vestigated, chiefly because of the importance of these rela¬ 
tionships in sewage treatment (Curds and Vandyke 1966). 
Study of the algal-ciliate interaction in the littoral 
zone however, though of importance, has attracted little 
investigation. Among the issues fundamental to the relation¬ 
ship between ciliates and algal cells are the following: 
what directs holozoic herbivorous feeding in ciliates, how 
specific is the ingestion of algae and what is the impact 
of specific algal ingestion on both the protozoa and algal 
populations. The research reported was directed to the 
resolution of these issues. 
1 
LITERATURE REVIEW 
Ciliated protozoa were originally thought to he strict 
holozoic feeders incapable of surviving on dissolved sub¬ 
stances (Phillips 1922). Various cultures of bacteria were 
fed to ciliated protozoa to determine bacterial palatability. 
Hargitt and Fray (191?) concluded that no single species of 
bacteria is capable of supplying all nutrients needed by a 
ciliate population. For instance, Paramecium bursaria under¬ 
goes normal cellular reproduction when fed Bacillus subtilis; 
reproduction is altered, however, when the food source is 
Bacillus fluorescens or Azotobacter spp. (Pringsheim 1928). 
The quantity of bacteria required for ciliate survival has 
been studied by Ludwig (1928), who estimated that each 
Paramecium caudatum required 1.5 x 10^ B. subtilis cells/hr 
for healthy growth. A population of 100 ciliates would there- 
fore have a minimum daily requirement of 3*6 x 10° B. 
subtilis cells. Forty years later Curds and Cockbum (1968), 
experimenting with a smaller ciliate, Tetrahymena pyriformis, 
concluded that for normal growth each protozoan requires 
a minimum of 6x10^ cells/hr. 
Numerous experiments have been performed to deter¬ 
mine the ecological function of ciliates in sewage treatment. 
Curds and Vandyke (I966) categorized bacterial cells on the 
basis of their toxicity to ciliated protozoa as: very toxic, 
2 
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toxic, slightly toxic, unfavorable and favorable. They 
discovered that the concentration of bacterial cells is 
a critical factor for protozoan survival. Oxygen becomes 
limiting to the ciliate at a concentration of approximately 
5 x 10® bacterial cells/ml. Thus both the quantity and the 
quality of bacteria influence ciliate survival. When 
the bacterial substrate is adequate, ciliates cease contin¬ 
uous feeding and prefer to feed on other available nutrient 
sources. 
As a holozoic feeder, the ciliate has nutrient sources 
that range from other protozoa to algal cells. However, the 
precise mechanisms by which ciliates select their food 
remains unknown. A survey of the morphology, taxonomy, 
nutrition and general biology of the Paramecium spp. has 
been edited by Van Wagtendonk (1974). In this work, Vivier 
(1974) notes the possibility of selective feeding by ciliates 
"It is therefore possible that a real and effective 
choice is made between the food particles made up of 
living cells. This suggests that paramecia are able 
to screen the particles for size. We remain complete¬ 
ly ignorant about this process of discrimination." 
Though the selective pattern of ciliate feeding remains 
only in a preliminary stage of characterization there is 
voluminous literature on the general nutritional require¬ 
ments of the ciliated protozoa (Hall 1941). 
Jones (1974) provides a comprehensive review of the 
ciliated protozoa including an evaluation of various forms 
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of ciliate nutrition and feeding habits. Porter (1976) 
reported on a selective digestion process in aquatic herb¬ 
ivores which may have an impact on future studies of 
nutritional selectivity in ciliated protozoa. 
Intrinsic to a nutritional study of the protozoa has 
been the problem of obtaining axenic cultures in order 
to provide baseline data. Accordingly, extensive work 
has been reported on the preparation of axenic ciliate 
cultures. Parpart (1928) developed axenic ciliate cultures 
by a dilution technique requiring ten aseptic transfers 
and washings. This was successful because ciliated 
protozoa are capable of outswimming contaminant organisms. 
It led to the development of a second purification method, 
that of differential migration through an inclined glass 
vessel (Kidder 1941). Subsequently, many other ciliate 
purification devices have been proposed, from a simple 
glass tube used by Stone and Reynolds (1939)» to an 
elaborate bath constructed earlier by Glaser and Coria (1930), 
who purified the ciliate species of Paramecium and 
Chilomonas by using the ciliates' negatively geotactic 
migratory behavior. 
Later, Claff (1940) designed an ingenious apparatus 
for sterilizing ciliates which he then used successfully 
with species of the genera Paramecium. Tetrahymena spp. 
and Glaucoma spp. If a method of separating cultures of 
algae or bacteria were feasible, the negatively geotactic 
5 
ciliates could cleanse themselves of other organisms 
while selectively migrating to a preferred nutrient source. 
Modern day sterilization principles include bactericidal 
agents, irradiation and electrical separation. However, 
the broader effects these methods may have on the ciliate 
are not well understood (Vivier 197*0* 
An option more frequently used in nutritional studies 
than an axenic culture is a monoculture in which a single 
species of ciliate is cultured. The medium usually contains 
a bacterial substrate or other nutritional source for the 
ciliate (Loefer 1936). Still another culture method is 
the dual culture. Gause (1932), in his experiments on 
population dynamics, used a dual culture in which a mixture 
of two ciliate species were tested together. Most 
frequently employed in ecological research is the wild 
ciliate population developed from field samples (Woodruff 
1912). This procedure presumably allows the experimenter 
to study and simulate field conditions of succession, 
colonization and predation as well as interspecies and intra¬ 
species interactions. 
A critical aspect of any experimentation with ciliates 
is their enumeration. Maguire (1971) and Jahn and Jahn 
(1970) have warned against inaccurate protozoan estimates 
either through improper counting techniques or improper 
dilutions. The two most accepted techniques for estimating 
ciliate populations are the direct-count method 
(Rapport et al 1972; Dewey and Kidder 1940; Maly 1975; 
Curds and Vandyke 1966) and the Sedgewick Rafter 
Counting Cell (SRCC) technique (Eddy 1928; Wang 1928; 
Bick 1972). In addition, ciliate populations may also be 
estimated optically in a spectrophotometer. This method 
however is restricted to estimations of dense axenic 
ciliate cultures and is of little practical value in 
ecological or population interaction experiments (Slater 
and Elliott 1951)* The SRCC method of enumeration and 
the dilutions required may cause sampling difficulties 
and can create population estimate errors, as Maguire 
(1971)» Jahn and Jahn (1970) and Cairns (1963) have pointed 
out. Other counting cells have been proposed to estimate 
ciliate populations, but Sonneborn (1950) and Wichterman 
(1949) both reported that the dilutions required for the 
use of these cells render results inaccurate. For most 
purposes the direct-count method still remains more accurat 
than the SRCC since it does not depend on the threshold 
density requirement inherent in the SRCC. In the direct 
method, the number of ciliates in a sample aliquot is 
proportional to the total population in a uniform sample 
(Cairns 1971). Thus when a 0.1 ml sample is subdivided on 
a glass slide there is no need to slow or destroy the 
organisms since enumeration is relatively easy under a 
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dissecting microscope. This is especially true for the 
larger ciliates, i.e., those in excess of 50 microns 
(Goulder 1972). 
Protozoan-algal relationships have provided a rich 
field of study. Ho and Alexander (197^) studied the amoeba 
and reported on its ability to selectively ingest specific 
chlorophytes; they found the main factors determining 
preference to be age of the algal cell, pH of the external 
medium and temperature. However, in neglecting to 
evaluate the impact of interacting bacterial populations, 
the amoeba concentration they report is significantly 
larger than concentrations reported in similar studies. 
Canter and Lund (1968) in an ecosystem experiment 
reported that the flagellate Pseudospora spp. reduced a 
colonial algal population by 99$ within two weeks. These 
researchers concluded that the protozoan is capable of 
selectively ingesting specific algal cells. They also 
found that when the Pseudospora spp. rejects algae, it 
remains colorless. Tartar (I96I) reviewed the literature 
pertinent to the genus Stentor and concluded that selective 
feeding does occur though the details of the process re¬ 
main unknown. Indeed the study of ciliate selective feed¬ 
ing on algal populations has a lengthy history beginning 
with the work of Schaeffer (1910) who determined that the 
physiological condition of Stentor coeruleus influences 
its nutritional selectivity. He suggested that the 
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ciliate selects among particles brought into its 
buccal cavity by the adoral membranelles; when a 
particle is rejected the local cilia reverse function 
and remove the particle. Similarly, the cilia carry the 
selected particles directly to the cytostome for ingestion. 
Schaeffer reported the amount the ciliate ingests is de¬ 
pendent upon the other substances present and that 
selective feeding can be genuinely observed only when two 
particles reach the cytostome at the same time. Selectivity 
can be species specific, i.e., a ciliate ingests an in¬ 
dividual cell of one species of euglena while rejecting 
that of another closely related species. S. coerulus 
ingests autotrophs 'sparingly' when starved. Hetherington 
(1932) observed several small ciliates to be the pre¬ 
ferred nutrient source of the stentor. The stentor ap¬ 
pears able to select among specific food organisms within 
the small ciliate group. 
Goulder (1972) confirmed that ciliated protozoa 
graze on specific algal cells by exposing Loxodes magnus 
to three species of Scenedesmus to determine cell 
palatability. Even though a correlation between ciliate 
numbers and algal standing crop was not made, each loxodes 
consumed 3-5 x 10^ algal cells/day. Goulder made no at¬ 
tempt to determine the palatability of other chlorophytes 
or to evaluate other interacting variables, but he did 
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find that L. magnus exhibits a tendency to discriminate 
among specific algae as a nutrient source. In a mixture 
of three Scenedesmus species, only Scenedesmus dentriculatus 
cells consistently appeared inside the ciliate. 
Porter (1973) studied the relationship between algal 
and crustacean populations. She found that the presence 
of specific algal cells stimulated crustacean population 
feeding on algal cells which ultimately led to an increase 
in the crustacean population. In a later study Porter 
(1976) suggested that a relationship existed among 
nutrients, algal population shifts and the synergy of both 
affects herbivore succession. She theorized that algal 
cell age is extremely important in determining the cells' 
biochemical and physiological state. Mature algae either 
form thick cell walls, encapsulating gelatinous sheaths 
or coenobia. She observed algal cells that remained 
viable after passing through an herbivore's digestive tract. 
Though direct comparison between crustacean and protozoan 
selective feeding is difficult, similarities do exist; 
both selective digestion and background nutrient availability 
play a major role in determining holozoic feeding on algal 
cells. 
A variable of importance when studying populations 
in situ is the effect of seasonal changes on these pop¬ 
ulations. Wang(1928) performed field experiments to 
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evaluate such changes on the protozoa population. The 
greatest ciliate population variations occurred in sur¬ 
face littoral zone water samples. His was the first ex¬ 
periment which implicated aquatic plants in protozoa survival. 
The greatest ciliate density occurs during September and 
October, when sunlight is maximum and temperature is optimal 
for protozoa development. He believed sunlight to be more 
important in controlling ciliate populations than 
temperature. At the same time, Eddy (1928) conducted similar 
laboratory experiments. He concluded that a decrease in 
water temperature reduces the number of bacteria and 
consequently food becomes scarce for the ciliates. He also 
held that in temperate lake waters small herbivores 
develop more quickly than in waters located in colder 
climates. Riley (1963) and Steele (1963) both described 
the herbivore grazing interaction as the most important 
factor in halting the spring algal bloom. In the same work 
Riley suggested this interaction may not occur in all en¬ 
vironments and that the decline in grazer populations after 
the algal bloom is due to a limiting nutrient source. 
Cushing (1959) attributed the autumnal increase in phyto¬ 
plankton to both an increase in nutrients and a decline in 
grazing herbivores. The aggregation of protozoan species 
may be a unique structural community developed by either a 
series of interlocking and interacting pathways or by an 
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assortment of various species present (Cairns 1971). 
Cairns believed that the natural seasonal changes in 
ciliates are sometimes difficult to recognize because of 
the threshold density in protozoan populations below which 
a single specimen becomes rare. The algal cell age, 
cellular concentration and cellular growth condition are 
all important in evaluating ciliate selective grazing on 
algae. A fact that also merits consideration is that 
ciliates do not always digest the algal cells they ingest. 
Our full understanding of the selective feeding of ciliates 
on planktonic algal populations must await the resolution 
of these nutritional and ecological questions. 
Unger (1931) conducted early algal-ciliate inter¬ 
action studies and traced ciliate succession in a Spirogyra 
sp. infusion. Later experiments on a protozoan and algal 
population showed that chlorophytes, primarily species 
of Chlorella and Chlorococcum, are the initial colonizers 
and are a major nutrient source for herbivorous protozoa 
(Maguire 1971)- The presence of efficient herbivores 
appears to be a prerequisite for the achievement of an 
ecological equilibrium. Seasonal change is reflected in 
the shift from an algal population dominated by chloro¬ 
phytes to one dominated by cyanophytes. Fogg (1965) ex¬ 
plained the shift in populations to be a result of a drop 
in nutritional value of the cells since the cyanophytes 
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are less edible as well as being a very poor source of 
protein. The lack of edible algal cells is, of course, 
limiting to all higher trophic levels. 
Taub (1971) performed a species defined interaction 
experiment including an algae, Chlamydomonas reinhardtii, 
a ciliate Tetrahymena vorax and two bacteria, Pseudomonas 
fluorescens and Escherichia coli. The interaction among 
species was assumed once the heterotrophic ciliates and 
bacteria became dependent on the algae as a carbon source. 
The ciliate achieved an advantageous position because of 
its ability to feed on three substrates, it fed holozoically 
on the algae and bacteria, and saprozoically on the dis¬ 
solved nutrients from both organisms. In the same ex¬ 
periment, light influenced ciliates indirectly by control¬ 
ling the photosynthetic activities of algae. The author 
interpreted ciliate feeding to be a function of both algal 
cell density and extracellular algal material. Algal extra¬ 
cellular material, either alone or in combination with the 
algal cell, could not supply all necessary nutrients to the 
ciliate. Taub concluded: 
"The inability to determine the factors that limit 
protozoan density remains a problem. Certainly avail¬ 
ability of algal cells does not provide an adequate 
explanation. It may be possible to explain some of the 
discrepancy as a result of the variable size, biomass 
and nutritional state of the algal cells." 
Gunnison and Alexander (1975) reported that certain algae 
are more susceptible to bacterial decomposition than 
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others. Similarly, ciliates are unable to digest the 
cellulosic cell wall of many algal species. The bacterial 
interaction may therefore play an important role in the 
selective feeding by ciliates. The algal cells upon which 
herbivores graze are usually easily decomposed. However, 
full ramifications of selective ingestion and digestion on 
protozoan succession remain to be elaborated. 
Whether an algal cell remains viable inside the ciliate 
or is digested and assimilated as a nutrient source is of 
special interest when evaluating the selective feeding of 
these protozoa. Certain algal species form endosymbiotic 
relationships, while other very closely related species do 
not. The theory of endosymbiosis was introduced in 1876 
when Geza Entz (Buchner 1965) rejected the theory of animal 
chlorophyll and suggested that the cellular inclusions 
were either plant parasites or commensals. The relation¬ 
ship between ciliates and algal endosymbionts is 
usually very loose, i.e., during various stages of the 
life of either the host or the algal cell the alga may be 
present, absent or even alternate with a seemingly color¬ 
less state. Some ciliate species are unequivocally in¬ 
compatible with algae and are never infected with the plant. 
Many kinds of endosymbiotic relationships have been 
discovered in ciliates. Englemann (1881) proved the 
benefits of the endosymbiotic relationship by demonstrating 
that intracellular algal cells inside Paramecium bursaria 
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produce oxygen on exposure to photosynthetic conditions. 
Early physiological experiments determined the survival 
differences between infected and noninfected ciliates. In 
an airtight flask, ciliates with zoochlorellae (internal 
chlorophyte cells) survived much longer than noninfected 
ciliates, especially when the flasks were illuminated 
(Pringsheim 1925). Hood (1927) found Frontonia leucas 
with algal endosymbionts to be more tolerent to a medium 
of higher osmotic pressure than F. leucas without the algae. 
The classification of these relationships not only 
identifies the endosymbiont, but also reveals facts about 
the relationship; the designation indicates the nature of 
the specific interaction, such as lambda endosymbionts 
(Van Wagtendonk and Soldo 1965). Two ciliates, one con¬ 
taining a specified endosymbiont and another lacking the 
endosymbiont, have different nutritional requirements. For 
example, Paramecium aurelia with lambda endosymbionts does 
not require folic acid as does P. aurelia without the lambda 
particles. 
Not all algal-ciliate relationships are beneficial 
to the ciliate, antagonistic relationships also exist. If 
after normal feeding, the marine ciliate Mesodinium rubrum 
then ingests the pyrrophyte Erthromonas haltericola feed¬ 
ing ceases, the cytostome contracts, the mouth piece de¬ 
generates and death follows (Lohmann 1912). Symbiotic 
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relationships between ciliates and algal cells range from 
exclusive to facultative symbiosis in which the infected 
protozoan depends on algal metabolites for only a portion 
of its nutritional requirement. Hammerling (19^6) reported 
that in a food-limiting environment, an infected stentor 
survived longer than a noninfected stentor and that infected 
ciliates do not survive for an extended time without either 
illumination or an alternate nutrient source. But precise¬ 
ly which nutrients are derived from algal cell digestion and 
which nutrients and metabolites pass through the cell wall 
of healthy algal endosymbionts remains a question of con¬ 
troversy between protozoologists and phycologists. Parker 
(1926) found that endosymbiotic algal cells continually 
transfer a large amount of metabolites to a ciliate's 
cytoplasm. Experimenting with the zoochlorellae of P. 
bursaria, Loefer (1938) determined that the conditions known 
to be optimum for the algal endosymbiont C. vulgaris do not 
coincide with those most favorable for growth of the host 
ciliate. 
Karakashian (1963) studied the interrelationships 
between ciliate growth and nutrient availability in the 
form of substrate bacteria and endosymbiotic algal cells. 
He concluded that ciliate growth patterns are the result 
of two primary functions: the nutrients derived from the 
bacterial food supply in the external environment and the 
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external environment and the nutrients derived from the 
endosymbiotic algal cell. Karakashian et al. (1968) in¬ 
vestigated the growth of ciliates with and without endo- 
symbionts as a function of exogenous food, light intensity 
and specific combinations of host and algal strains. They 
found that death of P. bursaria without algal cells occurs 
in bright light as a result of the absence of symbionts 
coupled with an inadequate food supply. Moreover, when a 
suitable bacterium is available the symbiont-free ciliates 
survive. In a second series of experiments, they dem¬ 
onstrated the effects of various quantities of bacteria 
on infected and noninfected P. bursaria. The results show¬ 
ed that when bacterial density was adequate to support 
either infected or noninfected ciliates, both forms 
survived and reproduced normally. Since the quantity of 
ciliates was comparable in both infected and noninfected 
treatments, the authors suggested that a rate-limiting 
process may have been overcome and the endosymbionts render¬ 
ed incapable of accelerating the growth of infected ciliates. 
The nature of this rate-limiting process was not defined. 
A further contribution to the study of endosymbiosis 
was the cellular and physiological examination of the 
algal symbiont with an electron microscope. This permitted 
the division of the endosymbiont C. vulgaris into two 
major groups, those with cup-shaped chloroplasts ( a 
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characteristic of a mature algal cell) and those with 
lenticular chloroplasts (a characteristic of a young, 
newly formed algal cell). If bacteria were observed in 
the ciliate vacuole with the algal cell, the alga was 
assumed to be dead and undergoing decomposition. Algal 
cells were found primarily in the peripheral cytoplasm 
and near the buccal feeding apparatus. C. vulgaris 
reproduce by the formation of asexual autospores. The 
size of the mature algal cell is dependent upon the 
number of autospores originally formed and the time elapsed 
since separation from the maternal cell. The cell wall 
of C. vulgaris, which plays an important function in the 
endosymbiotic relationship, is composed of two dense layers 
of cellulose that combine as the autospore matures. 
The autospore cell wall becomes identifiable before 
the maternal cell wall ruptures, when the young algae has 
separated into discrete cells. The young cell is easily 
identified by its thin cell wall and other characteristics, 
such as the presence of both loculus and unconsolidated 
cell chloroplasts and the paucity of starch deposits. In 
assimilation studies, P. bursaria digested the entire algal 
cell with the exception of the cell wall, which was then 
ejected because the ciliate was unable to digest the 
cellulose. Karakashian et al. (1968) therefore concluded 
that the most palatable and digestible candidate for the 
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ciliate is the young algal cell. 
An algal endosymbiont is altogether different from 
an algal cell that is merely a digestible food source. 
Algal cells that are ingested by ciliates and are found 
to be incompatible as symbionts are either egested or di¬ 
gested. Once the algal cell is incorporated into a food 
vacuole in the ciliate's cytoplasm, lysomal enzymes begin 
the digestive process by attacking the cell. However, the 
compatible algae remain viable in large vacuoles after 
ingestion and before formation of the perialgal vacuoles. 
The vacuoles found in the genus Tetrahymena are typically 
devoid of algal digesting enzymes (Hall and Claus 1963)- 
Sometimes the physiological state of the host may be altered 
so that the ciliate can digest the endosymbiont, thereby 
converting a perialgal vacuole to a food vacuole. 
Mclaughlin and Zahl (1966) discovered intracellular 
endosymbiotic C. vulgaris without cell walls. This unique 
adaptation facilitates the interchange of metabolites 
between the host and the algal cell which remains completely 
viable and capable of reproduction inside the ciliate. 
An algal cell may either live within a ciliate or be 
digested by the ciliate and at times it may also be trans¬ 
ferred from one ciliate to another. Siegel (I960) studied 
intraspecies infection and found the successful transfer 
of an endosymbiont from one host to another to be dependent 
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on both the specific endosymbiont and specific ciliate. 
For example, if endosymbiotic C. vulgaris cells from 
Stentor polymorphus are removed and transferred to a P. 
bursaria an unstable association is formed; however, if 
C. vulgaris cells from Stentor igneus are removed and 
transferred to a P. bursaria a stable association is es¬ 
tablished. Hence the characteristics of the particular 
combination of algae and ciliate cannot be ascribed to 
either the algal cell or the ciliate but likely to be the 
product of this unique relationship. 
METHODS AND MATERIALS 
Laboratory Studies 
Stock cultures. 
Ciliated protozoa. Stock cultures of ciliate species 
were either purchased from the Carolina Biological Supply 
Company (CBSC; Burlington, North Carolina) or were speci¬ 
mens isolated from field samples. Ciliated protozoa were 
isolated from a 0.1 ml aliquot of ciliate suspension spread 
over a glass slide under a dissecting microscope. A 
single ciliate was carefully withdrawn by a micropipet, 
transferred to and washed in a plastic depression cup tray 
in which each cup contained a 2.0 ml solution of phosphate 
buffer (.01 M; K^HPO^ and KH2P0^ at pH 7.0)(Kudo 1966; 
Curds and Vandyke 1966). The ciliates were washed by five 
successive transfers into fresh depression cups then inocu¬ 
lated into a 300 ml flask containing 200 ml of wheat infu¬ 
sion (Kudo 1966; Wichterman 19^9)• At least five washed 
ciliates were inoculated to establish each stock culture 
solution. The final pH of the infusion (6.9-?-^) was well 
within the survival limits for ciliated protozoa. To 
ensure the maintenance of a standard ciliate pop¬ 
ulation, a subculture of each stock was periodically 
prepared and incubated at room temperature (ca 20° C). 
All subsequent incubations were conducted and 
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performed at this temperature level unless specifically 
noted otherwise. 
Stock monocultures were developed for the ciliate 
species listed in Table 1. Stock cultures of all 
ciliates combined (mixed ciliated protozoa-MCP) and 
all Paramecium spp. combined (mixed Paramecium spp.- 
MP) were also prepared; a 1.0 ml aliquot was withdrawn 
from each two week culture and inoculated into a 2.0 1 
Erlenmeyer flask containing 1.5 1 of wheat infusion to 
establish stable population configuration for experimental 
purposes. 
Algae. Stock algal cultures were purchased from 
CBSC and grown in250 ml Erlenmeyer flasks containing 150 ml 
of Bold's Basic Medium (BBM; Appendix 1 )(Bold 1942; 
James 1974). The flasks were placed on a rotary shaker 
under 40 watt cool white fluorescent light bank (2 bulbs, 
18 inches above culture) for 14 days, after which they 
were removed from the shaker. Any changes in algal culture 
preparation are separately reported. Test algal 
species used are shown in Table 1 
Littoral bacteria. A series of standard dilution 
plates poured with Trypticase Soy Agar (BBL,TSA) was pre¬ 
pared from Myriophyllum sp. filament drippings. The 
most common colonies were picked, aseptically transferred 
twice on TSA plates and stored on slants in a refrigerator. 
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TABLE 1 
Ciliated Protozoa Used 
Culture 
number 
Organism Source 
L-9A Tetrahvmena pvriformis 
CBSC 
L-9 Colpidium striatum 
CBSC 
L-20 Euplotes spp. CBSC 
— Stvlonychia spp. PP 
— Oxytricha spp. LL 
L-2B Paramecium aurelia CBSC 
L-2A Paramecium caudatum CBSC 
L-2 Paramecium multimicronucleatum CBSC 
Culture 
Algal Cells Used - Cyanophyta 
Organism Source 
number 
15-1715 Anacvstis nidulans CBSC 
15-1865 Oscillatoria spp. CBSC 
15-1800 Gloeocapsa sp. CBSC 
15-2035 
- Chlorophyta 
Chlamydomonas moewusii (-) CBSC 
15-2090 Chlorococcum hypnosporum CBSC 
15-2075 Chlorella vulgaris CBSC 
15-2070 Ohlorella pvrenoidosa CBSC 
15-2410 Scenedesmus quadricauda CBSC 
a CBSC, Carolina Biological Supply 
Company, Burlington, North Carolina; 
PP, Pottapaug Pond, Ware, Massachusetts; 
LL, Lashaway Lake, East Brookfield, 
Massachusetts. 
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The predominant bacteria were gram negative, polar 
flagellated rods, and tentatively identified as 
Pseudomonas spp. An inoculum of a pure culture of 
littoral bacteria was added to 250 ml Erlenmeyer flasks 
containing 150 ml of Trypticase Soy Broth (BBL,TSB) 
medium and incubated at 20°C for 48 hours, (in a 
single experiment E. coli was the test bacterium and 
incubated at 35°C for 24 hours.) After the appropriate 
incubation an aliquot of culture (ca 5 ml) was withdrawn. 
A bacterial pellet was prepared by centrifugation at 
7500 rpm for five minutes in a Sorval AC refrigerated 
centrifuge. The supernatant was decanted and replaced 
with ca 5 ml of .01 M phosphate buffer pH 7.0, to wash 
the bacterial cell pellet. The cells were agitated 
on a vortex mixer for ten seconds after which they were 
again centrifuged as before. This process was repeated 
twice. After the final wash the cells were resuspended 
in 5 ml of buffer, 1.0 ml was removed and inoculated 
into a seri-es of TSA standard dilution plates for 
enumeration. Test receptacles received amendments of 
these washed bacterial cells as required. 
Enumeration Procedures . 
Ciliates. The ciliate vessel was agitated to render 
the suspension uniform. Five 0.1 ml aliquots were 
successively removed from each ciliate vessel and 
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subdivided on a glass slide into 3 droplets. The 
ciliates in each droplet were then directly counted 
under a dissecting microscope. This permitted the 
return of viable ciliates to the experimental vessels. 
The ciliate population numbers are estimated to be the 
average of the five aliquot counts, as suggested by 
Maly (1975). 
Algae. Algal cell estimates were made by removing 
a drop of algal suspension and allowing it to fill a 
hemacytometer (American Optical) placed on a micro¬ 
scope stage. Unicellular algal cells are reported as 
cells/ml; colonial or filamentous forms are reported as 
standardized units of 10 microns in length (American 
Public Health Association 1976). 
Bacteria. A 1.0 ml aliquot sample was removed 
from the various test vessels and inoculated into a series 
of standard dilution plates poured with TSA; colony counts 
were made after the plates had been incubated at 20°C for 
48 hours. 
Ciliate Survival Studies . 
Effects of pH on ciliate survival. Ciliate survival 
was tested at pH levels from 4.0 to 9*0. After each 
experimental flask was prepared the pH was adjusted to 
the test level by careful addition of 1 N HC1 or NaOH 
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as required to avoid osmotic shock to the ciliates. 
The pH was measured at each ciliate count and where 
necessary, was returned to the initial level by addition 
of the NaOH or HC1. Buffer-washed bacterial cells were 
added initially to ensure the presence of a food source 
for the protozoa. The detailed experimental protocol 
is shown as Table 2 . 
TABLE 2 
Protocol for pH experiment 
Flask size 25 ml 
Flask contents 10 ml 
Replicate flasks per treatment 4 
Ciliate estimates 7 times 
Sample after counts returned 
Length of experiment 24 hr 
Amendments 
and K2HP0, 
E . coll 
Mixed 
to each flask: 
KH2PCy (pH 7.0) 
(24 hr washed culture) 
ciliates (MCP) 
Quantity: 
8 ml 
1 loop 
2 ml 
Bacteria, macrophyte tissue and carbohydrate 
interactions. Cilialre survival in the presence of 
each variable, both alone and in combination was tested. 
After flask preparation the pH was adjusted to 7-2 by 
addition of either K^HPO^ or KH2P0^ (.01 M) as required. 
A control flask contained only ciliates and buffer. The 
detailed experimental protocol is shown as Table 3 . 
$ 
TABLE 3 
Protocol for the interaction experiment 
Flask size 125 ml 
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Flask contents 
Replicate flasks per treatment 
Algal estimates 
Ciliate estimates 
Sample after counts 
Length of experiment 
100 ml 
2 
4 times 
9 times 
returned 
18 days 
Amendments to each flask: 
1. Phosphate buffer (pH 7.0) 
2. Mixed ciliates (MCP) 
Quantity: 
97 ml 
2 ml 
Other amendments: 
3* Myriophyllum sp. tissue 
(ethylene oxide treated) 
4. Bacteria (gram-rod) 
5. Dextrose 
5 mg (dry wt) 
1 ml 
10 mg/l 
Tested combinations of the above: 
1. 1 + 2 5. 1+2+3+4 
2. 1 + 2+3 6. I+2+3+5 
3. 1 + 2+4 7. 1+2+4+5 
4. 1 + 2+5 8. 1+2+3+4+5 
Selected cyanophytes and chlorophytes. The in¬ 
fluence of various algal species on ciliate survival was 
determined. Before estimating algal and ciliate popula¬ 
tions, each test tube was mixed by placing it on a vortex 
mixer for approximately five seconds in order to remove 
cells adhering to the tube walls and to render the suspen¬ 
sion uniform. Two control test tubes were prepared, one 
containing 5-9 ml phosphate buffer (.01 M; pH 7*0) and 
the other 5.9 ml of BBM. The ciliate value reported 
represents the average of counts made on four replicate 
tubes and is plotted in Figure 8 . The detailed 
experimental protocol is shown as Table 4 
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TABLE 4 
Protocol for the cyanophyte and chlorophyte experiment 
Test tube contents 6.0 ml 
Replicate tubes per treatment 4 
Algal counts 4 times 
Ciliate counts 10 times 
Length of experiment 36 days 
Sample after counts returned 
Amendments to each test tube: Quantity: 
1. Algal cells (30 day stock 
culture) 
5.9 ml 
2. Mixed ciliates (MCP) 0.1 ml 
Species tested: 
1. C. hypnosporum 
2. C. vulgaris 
3- Oscillatoria/s 
4. C. moewusii 
5. A. nidulans 
Techniques demonstrating the selective migration 
of ciliates to algae. Four techniques were 
developed to demonstrate the selective migration of 
ciliates to particular algal cells. These techniques 
were based on the dilution and migration methods 
previously explained. 
Beaker technique. The beaker technique tested the 
ability of the negatively geotrophic ciliates to migrate 
selectively to a preferred algal culture. A beaker 
containing a MCP suspension was connected by a migration 
tube to a beaker containing either a test algal culture 
or a control with BBM void of algal cells. Each test 
unit consisted of four migration tube connectors, one 
to the control beaker and three others to different test 
Units or cells/ml 
4x1 0^ 
lxl0( 
5x106 
5xl 0o 
lxl 08 
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algal cultures (Figure 1 ). After bending both 
(1.5 inch) ends of a (9mm) glass tube section (6 inch) 
to form a migration tube, each tube was filled with an 
algal sample and a latex cap placed on each end. This 
minimized hydraulic influences and prevented ciliate 
migration prior to the experiment. Similarly, pre¬ 
cautions were taken to minimize hydraulic influences 
during the experiment by assuring that the table on which 
the beakers rested was level. 
One end of the migration tube was placed below the 
surface of the ciliate beaker; the other end was situated 
below the surface of the test culture beaker. The 
experiment began after careful removal of the latex caps, 
thus allowing the ciliates to migrate to the algal culture 
of their choice. All beakers were covered to reduce 
evaporation. The detailed experimental protocol is 
shown in Table 5 
TABLE 5 
Protocol for the beaker technique experiment 
Beaker size 
Beaker contents 
Positions tested 
150 ml 
100 ml of algal culture 
4(each culture in every 
position) 
Algal flasks (stock) 
Algal estimates 
150 ml 
5 day intervals 
2 sets made at 5 day intervals 
returned 
20 days 
Ciliate estimates 
Sample after counts 
Length of experiment 
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r2g. 1 . Beaker apparatus with central 
well and attached beakers. 
ciliate 
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ty 
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Species tested; 
C. hypnosporum 
C. vulgaris 
Unit 
1x10 
1x10 
1x10 
1x10 
or cells/ml 
Gloeocapsa sp. 
Oscillatoria spp. 
6 
5 
5 
Glass "Y" technique. To establish whether the 
original inoculum of ciliates or their progeny had 
migrated to specific algal cells a method was developed 
to reduce the influence of ciliate reproduction during 
the experiment. Each end of a glass "Y"-shaped adaptor 
(Kimble 45030) was connected to three (6 inch) glass tube 
sections (9^™) by latex tubes. The ends of both upper 
arms ( Y ) were sealed to prevent drainage after being 
filled with the test algal culture(Table 6 ). The 
test algae were either concentrated by centrifugation 
(7500 rpm; 5 min) or serially diluted in BBM to an ex¬ 
perimental concentration (5 x 10^ cells/ml). The "Y" 
was inverted ( x ) to attach the base section filled 
with BBM by a pasteur pipet (to remove all excess air) 
and sealed with a latex cap. The "Y" was then placed 
upright and a 0.1 ml of stock Paramecium spp. (MP) 
inoculated through the latex cap on the base by using 
a serological syringe. The ciliates were permitted to 
migrate to the algal culture of their choice for 12 hours 
after which both upper arms were clamped, seals removed 
and residual ciliates were then counted. Both the 
average number of ciliates in each arm of the glass "Y" 
and the analysis of variance (ANOVA) F values are 
reported in Table 16 and Appendix 5 » respectively. 
TABLE 6 
Protocol for the glass "YM technique experiment 
Apparatus Glass MY" 
B 
Replicates per 
interaction 5 
Species tested: 
1. C. hypnosporum 
2. C. vulgaris 
3* Gloeocapsa sp. 
4. Oscillatoria spp. 
5 • BBM 
Interactions tested: 
1. 1 + 1 + B 6. 2+2+B 11 . 3+4+B 
2. 1 + 2+B 7. 2+3+B 12. 3+5+b 
3- 1 + 3+B 8. 2+4+B 13- 4+4+B 
4. 1+4+B 9- 2+5+B 14. 4+5+b 
5- 1+5+B 10. 3+3+B 15- 5+5+B 
Sealed pasteur pipet technique. A brief second 
migration experiment was performed to test the effects 
of algal culture age on ciliate migration using pasteur 
pipets. A test algal culture was drawn into the pipet 
and the long upper end sealed by fire to prevent drainage 
Six algal filled pipets were tested together, four 
containing algal cells and two controls (BBM and 
phosphate buffer). The pipets were inserted into a 
cardboard retainer to insure they remained in a vertical 
position throughout the experiment. The cardboard rested 
on a petri dish that contained an agar layer underneath 
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an aliquot of stock Paramecium spp. The end of each pipet 
was placed at the same level below the surface of the 
ciliate suspension, thus permitting ciliate migration 
up the pipet to the algal culture of their choice. At 
the end of 24 hours the pipets were gently pushed through 
the agar to form a plug and removed. The sealed tips 
were then broken and ciliate counts made. The detailed 
experimental protocol is shown in Table 7 . 
TABLE 7 
Protocol for the pasteur pipet technique experiment 
2 
14, 30, 60 days 
0 and 24 hours 
24 hours 
Pipets per treatment 
Ages of algal cultures 
tested 
Algal estimates 
Length of experiment 
Species tested: 
1. C. hypnosporum 
2. C. vulgaris 
3• A. nidulans 
4. Gloeocapsa sp. 
Selective migration chamber. A chamber was designed 
to minimize the potential stimuli to ciliate migration 
other than the selective attraction to various algal 
species. The chamber consisted of glass extensions, 
terminating in a clamped latex tube for attachment to a 
migration maze. The central well contained a MCP suspen¬ 
sion that could be lowered through a petcock drain or 
raised by the addition of wheat infusion through one of 
the three ports in the cover (Figure 2 ). After 
3^ 
Fig. 2 . Ciliate selective migration apparatus 
showing cover and drains. 
- 
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attachment of the migration maze and throughout the 
experiment, the ciliate suspension was maintained above 
the extension, thus permitting migration of the negatively 
geotropic ciliates into the maze (Figure 3 )• The maze 
consisted of bent glass tubing (3 inches long; 5 mm 
diameter) with a latex-capped vent for removal of excessive 
air. The open end was attached by a latex tube to a 
glass "Y". Both ends of the "Y" were in turn attached 
to a glass "U" shaped connection terminating in four 
sample ports. The maze was then filled with BBM to 
prevent drainage. Four glass tube sample arms (5 inches 
long, 7mm diameter) were filled with either an aliquot 
of an algal cell stock to be tested or a control (BBM) 
and were attached to the maze. Then the open end of 
the sample arm was sealed with a latex cap to facilitate 
sample withdrawal and air removed by gentle agitation 
and replaced with BBM. 
After preparing the maze complex, but before 
beginning the experiment the maze was inclined approx- 
imately 30 to develop, by gravity, a mixture of algae 
in the base of the glass "Y". This enabled the ciliates 
to migrate into the maze once the clamp between the well 
and maze was removed. A glass chamber cover contained 
three (#5) rubber stoppers. Each stopper had a tube 
for attachment to either an infusion flask, an air vent 
, , J'1f* . ^ *. Selective migration apparatus with 
attached migration maze, attached medium and stoo- 
cock. ^ 
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or an aeration system. Samples were withdrawn by clamping 
the base of each arm, inserting a serological syringe 
through the latex cap and withdrawing a sample (Figure 4 ) . 
The sample was replaced with BBM before clamp removal. The 
average ciliate population in each experiment is reported. 
The detailed experimental protocol is shown in Table 
8 . 
TABLE 8 
Protocol on the selective migration chamber experiment 
Positions tested 
Algal estimates 
Ciliate estimates 
Sample after counts 
Length of experiment 
Species tested: 
C. vulgaris 
C. hypnosporum 
C. pyrenoidosa 
Gloeocapsa sp. 
4 
time 0 
5 day intervals 
replaced with BBM 
20 days 
Ciliate Chlorococcum hypnosporum interactions. 
Since ciliated protozoa were found to migrate 
selectively to C. hypnosporum further laboratory studies 
were undertaken to assess the variables influencing this 
selectivity. 
C. hypnosporum growth curve. The morphological 
changes during various stages in an axenic C. hypnosporum 
culture were recorded. The culture (CBSC) was grown in 
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Fig- 4 . Selective migration maze with four 
sampling ports and sampling syringe. 
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BBM, the flask was gently agitated prior to sample with¬ 
drawal to render the suspension uniform. A growth 
curve was developed from the average cell forms in two 
replicate experiments. The experimental protocol is 
shown as Table 9 
TABLE 9 
Protocol for development of a C. hypnosporum growth 
curve" 
Flask size 500 ml 
Replicate flasks 2 
Flask contents 250 ml 
Algal counts 14 times 
Sample after counts disposed 
Length of experiment 2 month 
Ciliate influence on C. hypnosporum life cycle. Two 
sets of duplicate flasks each containing a two week old 
culture of C. hypnosporum were prepared. One set re¬ 
ceived an inoculation of Paramecium spp. stock suspension, 
while the second set, functioning as a control, received 
an equal quantity of BBM. At five-day intervals 
estimates, by methods described, were made of C. hypno- 
sporum zoospores, immature cells, mature cells 
and residual ciliates. The detailed 
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experimental protocol is shown in Table 10 
TABLE 10 
Protocol for the ciliate-C. hypnosporum interaction 
experiment 
Flask size 
Flask contents 
Flasks per treatment 
Algal and ciliate 
estimates 
Sample after counts 
Length of experiment 
125 ml 
50 ml 
2 
5 day intervals 
disposed 
15 days 
Quantity: 
49 ml 
Amendments to each flask: 
C. hypnosporum in BBM 
(2 week culture) 
Paramecium spp.suspension 
(MP) 1 ml 
(Control flasks same as above except BBM substituted 
for ciliates) 
Selective migration by ciliates to various 
components of C. hypnosporum. Ciliate selective migration 
to the various cellular components of C. hypnosporum 
was observed using the glass "Y" technique. An aliquot 
(ca 10 ml) of stock algal material was filtered through 
a membrane filter (Millipore Co. , .22um) to remove the 
BBM and extracellular materials from the whole cell. One 
half of the algal cell suspension was subjected to a 
French Pressure Cell (20,000 psi) to disrupt the cells; 
the other half remained intact. The disrupted cell sus¬ 
pension was again filtered through a membrane filter 
(.22um) to separate the soluble pressed materials from 
the pressed residue retained on the filter. These pro¬ 
cedures yielded four algal test samples: whole cells 
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on the filter, extracellular material which passed through 
the filter, disrupted cell material on the filter and 
pressed material which passed through the filter. The 
upper arms of the glass "Y" contained the test components, 
while the base contained BBM into which the ciliates were 
inoculated. The detailed experimental protocol is shown 
as Table 11 . 
TABLE 11 
Protocol for the C. hypnosporum component experiment 
Apparatus Glass "Y" 
Algal flasks (stock) 500 ml 
Replicates per treatment 3 
Ciliate estimates 12 hr 
Length of experiment 12 hr 
Materials tested: 
1. Cells on filter 
2. Filtrate 
3- Crushed material on filter 
4. Crushed filtrate 
5- BBM 
Interactions tested: 
1 . 1 + 1+B 6. 2+2+B 11 . 3+4+b 
2. 1 + 2+B 7. 2+3+B 12. 3+5+B 
3- 1+3+B 8. 2+4+B 13- 4+ 4+B 
4. 1+4+B 9. 2+5+B 14. 4+ 5+B 
5- 1 + 5+B 10. 3+3+B 15- 5+5+B 
The effect of added increments of chlorophyte cells 
on ciliate survival. Ciliate population changes in response 
to added increments of three closely related chlorophytes 
were observed. Two sets of duplicate flasks containing 
A 
ciliates and 10 phosphate buffer washed (.01 M) algal 
cells were prepared for each test species. Algal cells 
were added at five separate intervals to one set of 
flasks while the other received an equal aliquot of 
phosphate buffer (.01 M). A control set of flasks re¬ 
ceived no algal cells during the experiment: equal 
aliquots of buffer (.01 M ) were substituted for the 
algal cells. Each two week old culture was concentrated 
by centrifugation (7500 rpm for 5 min), washed with a 
buffer and diluted to the experimental concentration. 
Similar amendments were made in flasks containing 
C. hypnosporum (10^ cells) and C. pyrenoidosa (10^ cells) 
while flasks containing C_. vulgaris received a larger 
o 
amendment (10 cells) because of the cells' small size. 
In the C. hypnosporum flasks the asexually repro¬ 
ductive, biflagellate ellipsoidal zoospores comprised 
the greatest percentage of life forms observed (Morris 
1971; Prescott 1970). Equal aliquots of buffer-washed 
littoral bacteria were initially inoculated into each 
flask as a supplemental food source for the ciliates. 
The detailed experimental protocol is shown in Table 
1 2 
TABLE 12 
Protocol for the ciliate interaction with added increments 
of algal cells experiment 
125 ml 
50 ml 
2 with added algal cell 
2 without algal cells 
Flask size 
Flask contents 
Replicates 
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Ciliate estimates 
Sample after counts 
Algal amendments to one 
set of flasks 
Length of experiment 
Amendments to each flask: 
2 sets made 7 times 
returned 
days 4, 8, 12, 16, 20 
22 days 
Quantity: 
10^ algal cells in phosphate 
buffer (pH ?.0) 
Littoral bacteria(washed) 
P. caudatum suspension 
Species tested: 
C. ovrenoidosa 
C. vulgaris 
C. hypnosporum 
48.0 ml 
1.0 ml 
1.0 ml 
Ciliate, zoospore and bacteria interactions. An ex¬ 
periment was devised to determine the effects of dif¬ 
ferent numbers of either zoospores or bacteria on a 
ciliate population. As shown in Table 13 , each 
flask in the first part of the experiment received a dif- 
g 
ferent amendment of bacterial cells, from 0 to 10 , but 
equal zoospore (5xl0^/ml) amendments. The control ex¬ 
periment for this part consisted of identical flasks ex¬ 
cept that buffer was inoculated in place of the zoospores. 
In the second part of the experiment the zoospore inoculum 
was varied (from 0 to 5xl0^/ml), but the bacterial amend¬ 
ments were kept constant (1.0 ml) to yield approximately 
10° cells/ml. Similarly, the control flasks were 
identical except that buffer replaced the bacterial amend¬ 
ments in the second experiment. Each treatment was per¬ 
formed in replicate. The zoospores were concentrated by 
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centrifugation as before and then serially diluted in 
(.01 M) phosphate buffer to the desired concentration. 
An estimate of the numbers of bacteria initially 
added to each flask was made by preparing a series 
of standard dilution plates poured with TSA at the 
outset of the experiment. 
TABLE 13 
Protocol for the ciliate, zoospore, bacterial interaction 
experiment 
Flask size 
Flask contents 
Flasks per treatment 
Ciliate estimates 
Samples after counts 
Length of experiment 
125 ml 
50 ml 
2 
2 day intervals 
disposed 
6 days 
Amendments to each flask: Quantity: 
Part I. Bacteria varied 
Z 00 spores(5x1o5/ml) 
Littoral bacteria (washed 
10° cells/ml) 
P. caudatum 
48.0ml 
1.0ml 
1.0ml 
(control - same as above without added zoospores) 
Part II. Zoospores varied 
Zoospores(varied)in buffer 48.0ml 
Littoral bacteria(washed 
10° cells/ml) 1.0ml 
P. caudatum (stock) 1.0ml 
(control - same as above without added bacteria) 
Test concentrations: 
Part I (bacterial cell amendments): 0 
104 
103 
106 
10Z 
108 
48 
Part II (zoospores/ml): 
°4 
IxlOj 
5x104 
lxl 0-> 
5x10^ 
Preferential algal cell ingestion by ciliates. A 
series of plastic depression cup plates with either one 
algal species or an equal aliquot of a mixture of two 
algal species and a drop of P. caudatum stock suspen¬ 
sion added to each test cup were prepared in accordance 
with the experimental design of Rapport et al (1972). 
Stock algal cultures were concentrated by centrifugation 
and resuspended in BBM to the experimental concentration 
(5x1cells/ml). Twelve replicate cups were prepared 
for each test. Three hours prior to commencing the 
experiment an aliquot of stock ciliates was diluted in 
BBM to reduce the nutrients available to the protozoa; 
the ciliates were then inoculated into the cups contain¬ 
ing the algae. After three hours (- 10 min), an aliquot 
of ciliate-algal mixture was extracted from the cup, 
placed on a glass slide, slowed with Protoslo (CBSC), 
and examined under a microscope. The intracellular algal 
cells were counted and identified (Maly 1975; Rapport et 
al. 1972). On occasion it became necessary to apply 
pressure to the cover slip to aid in the identification 
of intracellular algae. Another method of verifying the 
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intracellular algal cell included heat-fixing the 
ciliate, staining with iodine or methyl red and washing 
with BBM. The detailed experimental protocol is shown 
below in Table 14 . 
TABLE 14 
Protocol for the preferential algal cell ingestion 
experiment 
Capacity of depression cups 3.0 ml 
Cup contents 2.0 ml 
Cup amendments: Quantity: 
Single algal species or 
mixture of two 2.0 ml 
P• c au da t um (stock) Idrop 
Species tested: 
C* hypnosporum CJ. vulgaris 
S. quadricauda Oscillatoria spp. 
Gloeocapsa sp. 
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Field Studies 
Field samples of submerged macrophyte filament 
drippings were taken from the littoral waters of two 
mesotrophic lakes in Massachusetts. Pottapaug Pond, 
a rural impoundment (Ware,MA) that drains into the 
Quabbin Reservoir is a major water source for cities 
located in the eastern part of the state. The other 
source, Lashaway Lake, (East Brookfield, MA) is subject 
to large urban influences from both street runoff and 
shoreline development. Samples were collected from 
Myriophyllum sp. in Pottapaug Pond and from Cabomba 
sp. in Lashaway Lake. Replicate (100 ml) samples were 
collected in sterile screw-cap bottles (250 ml) for 
transport to the laboratory. 
Bacteria present were enumerated by the standard 
dilution pourplate method, phytoplankton by either the 
SRCC or hemacytometer method and zooplankton by the 
direct-count method. A minimum of two sets of three 
strip counts were made each time the SRCC was used. 
RESULTS 
Laboratory Studies 
Ciliate survival studies. 
Effects of pH on ciliate survival. Ciliated protozoa 
can tolerate a wide pH range. Slight population fluctua¬ 
tions were recorded between pH 6.0 and pH 9.0, with optimum 
pH level for ciliate survival found to occur at neutrality 
(Figure 5 ). The acid environments, pH 4.0 and pH 5.0 
could not sustain the test organisms. Though at pH 5.0 
the ciliates eventually returned to the original inoculum 
level. At pH 4.0 the population did not recover from the 
initial shock. 
Effects of population interactions on ciliate 
survival. Data showing the influence of added bacteria, 
carbohydrate and aquatic macrophyte tissue, (Myriophyllum 
sp. ) on ciliate populations are presented in Figures 6 and 
7 ; each of the three variables was also tested individually 
(Figure 6 ). Of the three, only the addition of bacteria 
stimulated the ciliate population, which doubled within 
four days. Neither the addition of carbohydrate nor plant 
tissue alone could sustain the ciliate population. When 
combinations of the three variables were tested (Figure 7 ) 
the largest ciliate concentrations were found in flasks 
containing all three amendments; bacteria, carbohydrate 
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Fig. 5 The effect of pH on ciliate survival. 
r-' r 
□ pH 4.0 
O pH 5.0 
■ pH 6.0 
• pH 6.8 
A pH 7.0 
A pH 8.0 
O pH 9.0 
54 
« 
Fig. 6 . The effect of amendments of bacterial 
cells, carbohydrate and plant tissue on a ciliate pop¬ 
ulation (Curves 1,2,3,8). 
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Fig. 7 . The effect of amendments of bacterial 
cells, carbohydrate and plant tissue on a ciliate 
population (Curves 4,5,6,?)• 
5 7 
TIME 
DAYS 
^ BUFFER, CILIATE, PLANT TISSUE, CARBOHYDRATE, BACTERIA 
• BUFFER, CILIATE, PLANT TISSUE, CARBOHYDRATE 
0 BUFFER, CILIATE, CARBOHYDRATE, BACTERIA 
D BUFFER, CILIATE, PLANT TISSUE, BACTERIA 
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and macrophyte tissue which comprised a medium most closely 
simulating the natural ecosystem. Large ciliate concen¬ 
trations were also found in flasks containing both bacteria 
and carbohydrate amendments. The lowest concentration was 
found in the presence of the macrophyte tissue and bacteria 
amendments. 
The effects of cyanophyte and chlorophyte cells on 
ciliate survival. The greatest concentrations of 
ciliated protozoa were found in tubes containing uni¬ 
cellular chlorophytes Chlorella vulgaris and Chlorococcum 
hypnosporum (Figure 8). No ciliate survival occurred in 
\ 
the two controls composed only of BBM and phosphate buffer. 
The cyanophytes, filamentous Oscillatoria spp. and uni¬ 
cellular Anacystis nidulans, were clearly less acceptable 
to the ciliate population than were the chlorophytes tested. 
Indeed, the A. nidulans population increase to more than 
109 cells/ml. ( Appendix 2 ), may have adversely 
affected the ciliate population by either production of 
toxic substances or by lowering the oxygen tension (Fogg 
1956; Fogg 1965). Statistical evaluation by the analysis 
of variance method (ANOVA), showed that differences in 
ciliate population were not attributable to chance migra¬ 
tion as seen by the F value significant at 95% (F= 3*25, 
• °5= 2.61; Arkin and Colton 1970; Freund 1967). 
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Fig. 
on a mixed 
8 . The effect of various algal 
ciliate population. 
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The selective response of ciliated protozoa to 
various algal species. The results of experiments with 
the 4 beaker separation technique to assess the ability 
of ciliates to migrate selectively to and survive in the 
presence of four different algal species are shown in 
Table 15 • Relative position of the algal beakers did 
not affect ciliate migration patterns. The greatest 
ciliate concentrations were found in beakers containing 
either C. hypnosporum or C. vulgaris cells. The ex¬ 
perimental protocol for all six tests with corresponding 
F values to determine if a statistical significance in 
ciliate migratory patterns exist among the 4 test 
beakers is shown in Appendix 3 . 
All species tested contained approximately the same 
cell concentrations at the beginning of the experiment 
except C. vulgaris because of the small cell size. As 
the experiment progressed the algal concentrations 
fluctuated due to the availability of inorganic nutrients 
(Appendix 4 ). 
Migratory patterns of ciliates were responsive to 
the presence of algal species as shown in Table 16 . Once 
inoculated into the base of the glass "Y", the negatively 
geotropic Paramecium spp. migrated to the junction, where 
^hey selected one of two arms, each of which contained a 
different algal culture. Because the experiment was short 
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TABLE 15 
An Analysis of Both Position and Species Effect in the 
Beaker Experiment With Corresponding F Values 
Time 
Days 1 . 
Position 
2. 3. 4. F value* 
5 
C. 
16 
hypnosporum 
20 23 19 .03 
10 38 28 31 33 
15 36 38 35 34 V 
20 19 22 23 19 
c. vulgaris 
5 19 18 18 17 .48 
10 27 25 31 24 
15 29 25 27 33 
20 21 20 30 24 
Oscillatoria spp . 
5 11 13 11 11 • 00
 
0
0
 
10 22 14 16 16 
15 16 17 17 18 
20 23 13 13 10 
Gloeocapsa sp. 
5 12 13 12 11 .16 
10 21 24 21 20 
15 15 17 18 20 
20 17 19 17 18 
5 
BBM 
11 7 7 10 .28 
10 15 20 12 15 
15 17 14 15 17 
20 3 7 1 6 
X Ciliates/ml 
* Test for position effect/species 
F.05= 3'49 F.oi= 5-95 
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TABLE 16 
Ciliate selective migration after 12 hours in response to 
various algal species 
x Ciliates/ml 
1. C. hypnosporum 
2. C. vulgaris 
3- Gloeocapsa sp. 
4. Oscillatoria spp. 
5. BBM 
Base (B) 
Experiment number 
1. 2. 3. 
1. 2. B. 1 . 1 . B. 1 . 3. B. 
1. 40 44 30 35 34 24 35 39 20 
2. 44 50 37 53 39 21 39 30 15 
3. 47 40 22 37 30 16 31 30 18 
4. 53 41 19 4 5 35 18 32 25 21 
5 • 39 42 28 38 36 22 30 22 18 
4. 3- 6. 
1. 4. B. 1 . 5 • B. 2. 2. B. 
1. 30 20 12 36 29 22 31 33 30 2. 36 21 19 31 21 16 38 35 31 
3. 30 26 32 30 31 15 34 42 27 4. 29 20 34 36 24 16 43 42 26 
5 • 49 25 27 40 25 20 34 36 27 
7. 8. 9. 
2. 3- B. 2. 4. B. 2. 5. B. 1. 45 33 33 42 20 25 36 23 23 2. 46 28 20 34 36 26 35 28 33 3- 34 36 25 4l 37 22 44 27 23 4. 38 30 19 40 39 22 4 5 34 25 
5 • 36 38 22 43 36 21 39 27 19 
Example 
C. hypnosporum C. vulgaris 
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TABLE 16 CONT. 
x Ciliates/ml 
Experiment number 
10. 11. 12. 
3. 3- B. 4. B. 5- B. 
1. 21 24 32 32 30 24 38 31 27 
2. 35 29 32 36 32 29 29 28 26 
3- 28 27 21 30 22 24 21 25 21 
4. 33 23 23 37 22 25 27 31 26 
5- 32 32 25 30 23 34 31 25 29 
13. 14. 15- 
4. 4. B. 4. 5- B. 5- B. 
1. 26 2 6 29 35 35 30 31 19 16 
2. 23 32 26 34 34 35 30 21 21 
3- 27 26 16 34 24 16 26 28 19 
4. 24 27 27 34 27 25 23 21 23 
5. 24 28 21 29 33 24 21 19 10 
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(12 hours) the ciliates enumerated in each arm were most 
likely the original migratory population and not their 
progeny. The initial algal inoculum of all species was 
similar, approximately 5 x 10^ cells or units/ml, thus 
permitting an evaluation of ciliate migration independent 
of cell density. Counts of Paramecium spp. were made at 
the end of the experiment for each arm of the five ' 
replicate "Y"'s (Table 16). These ciliate numbers were 
then statistically analyzed to determine the influence of 
chance migration (Appendix 5 ). 
The data reflect a selective migration to C. 
hypnosporum and C. vulgaris. A low ciliate concentration 
remained in the base of each "Y" when both upper arms 
contained C. hypnosporum (1-1-B). This difference in 
ciliate numbers did not occur when each of the upper control 
arms contained the same cyanophyte, i.e., the species was 
tested against itself. Certain combinations of test algal 
species, e.g. Gloeocapsa sp. opposite C. vulgaris and C. 
hypnosporum opposite Gloeocapsa sp., did not yield 
conclusive results; in these examples significant 
migration differences were observed in only of the 
replicates. Other combinations of test algae were totally 
unsuccessful in demonstrating ciliate migration in any of the 
five replicates, any difference in ciliate numbers being 
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ths result of chance. 
The results of a similar experiment to confirm 
ciliate selective migration to specific algal species 
housed in pasteur pipets are shown in Figure 9 • The 
ciliates enumerated were those that have migrated into the 
pipets. The only noticeable and significant difference in 
ciliate migration occurred when a two-month old C. 
hypnosporum culture filled the pipet. In order to record 
algal density, estimates were performed at the initiation 
and termination of the experiment (Table 17 ). An intensive 
microscopic examination was conducted on the three C_. 
hypnosporum cultures to determine the cause for the decline 
in ciliate numbers. It was found that in the young cultures 
there were numerous biflagellate algal forms conspicuously 
absent from the two month culture. An examination of the 
literature revealed that Chlorococcum spp. reproduces 
asexually by forming biflagellate ellipsoidal zoospores 
(Morris 1971; Prescott 1970)* The motile zoospores remained 
in the pipets while the heavier nonmotile mature vegetative 
cell sank into the petri dish (Fogg 1965). Thus it was 
clear that when ciliates were exposed to C.. hypnosporum 
cultures of various ages they were attracted to the young¬ 
est culture which consisted mainly of zoospores and immature 
cells (Table 17 )• Four times more ciliates migrated into 
the pipets containing the young C. hypnosporum cell than 
6? 
Fig. 
protozoa to 
9 • The selective migration of ciliated 
various algal cultures in pasteur pipets. 
68 
CULTURE AGE 
WEEKS 
G. sp. GloeocciDSQ sp, 
A. n. Anacvstis nidulons 
C. v. Chlorella vulgaris 
C-h. Chlorococcum hypnosporum 
PB Phosphate buffer 
BBM Bold's Basic Medium 
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TABLE 17 
Algal cell density in the pasteur pipet technique 
for the assessment of ciliate selective migration 
Algal cells or units/ml 
Initial concentration Species tested 
culture 
age C.h. C.v. A.n. G. sp. BBM Buffer 
2 week lxlO5 3xlo6 lxlO7 3x10-5 0 0 
1 month 3x105 1x10° 3x107 lxl 06 0 0 
2 month 5x105 lxlO7 3x108 lxl 07 0 0 
Final concentration 
culture 
age C.h. C.v. A.n. G. sp. BBM Buffer 
2 week 9x1 0^ lxlO6 2x107 lxlO5 0 0 
1 month lxlO5 2x106 6x107 4x105 0 0 
2 month 4x104 7x105 lxlO8 lxlO6 0 0 
C.h. - C. hypnosporum 
C.v. - c. vulgaris 
A.n. - A. nidulans 
G.sp.- Gloeocapsa sp. 
BBM - Bold's Basic Medium 
Buffer 
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into the pipet with the mature culture. C. hypnosporum 
was the only algae tested with a motile life form. As the 
culture aged, the zoospores lost their motility, developed 
into nonmotile aggregated immature cells that eventually 
matured into vegetative cells. 
In a further refinement of the ciliate migration 
experiments the apparatus was tilted in such a way as 
to largely free the protozoa from the surrounding nutrient 
medium thereby enhancing the need to migrate to selected algal 
cultures. Both the dilution methods of Kidder and Stuart 
(1939) were modified when a selective migration marathon 
dilution bath chamber was designed for negatively geotactic 
ciliated protozoa. This experiment studied ciliate 
selective migration to various algal species. The species 
tested were those examined in previous experiments, there¬ 
fore, similar ciliate selectivity trends were expected. 
The experimental design and corresponding F value for 
each of the 11 tests is shown in Table 18. Again, as in 
previous experiments large ciliate populations were found 
to have migrated to the C. hypnosporum and C. vulgaris 
cultures. The average algal cell concentration per species 
for all experiments was determined prior to beginning the 
experiment (Appendix 6 ). 
Interactions between ciliated protozoa and C. 
hypnosporum. A growth curve for a culture of C. hypnosporum 
71 
TABLE 18 
Experimental protocol and statistical 
results for the ciliate migration chamber 
tests 
Position 
1 . Tests 3. . 
1 C.h. - 33 C. v. - 28 BBM - 17 
2 C . v. - 27 G.sp.- 16 C.p.- 20 
3 C. p. - 22 BBM - 14 C.h. - 35 
4 BBM - 19 C.h. - 41 C. v. - 29 
4. - 5 • 6. 
1 G.sp.- 25 BBM - 17 C.h. - 30 
2 BBM - 23 C.h. - 28 C. v. - 24 
3 C.h. - 39 G.sp.- 25 BBM - 19 
4 C . p. - 23 C.p. - 22 G.sp.- 18 
Z, 8. 9. 
1 G.sp.- 15 BBM - 18 C. v. - 25 
2 C.p. - 20 G.sp.- 14 BBM - 18 
3 BBM - 19 C.p. - 19 G.sp.- 26 
4 C.h. - 28 C. v. - 29 G.sp.- 19 
10. 11 . 
1 C.p. - 20 C.p. - 18 
2 G.sp.- 17 C.h. - 35 
3 C. v. - 30 C. v. - 28 
4 BBM - 17 BBM - 10 
Test number F value 
1. 1.00 
2. 10.37** 
3. 5.26* 
4. 5.6?* 
5- 3-17 
6. 3.14 
7. 4.55* 
8. 6.15** 
9. 14.70** 
10. 10.16** 
11. 4.20* 
C. hypnosporum - C.h. 
C. vulgaris - c. 
C. pyrenoidosa - C. 
Gloeocapsa sp. - G.sp. 
Bold's Basic 
Medium - BBM 
f.05= 3-49* 
p.0l= 5-93** 
> 
ft 
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was prepared. Since the age of the C. hypnosporum seemed 
to exert a significant influence on ciliate migratory 
patterns additional experiments were conducted to further 
elucidate the implications of this interaction. Figure 10 
shows the growth curve of the various cell life forms in an 
axenic C. hypnosporum culture as they occurred over a 60 
day growth period. Zoospore formation and immature cell 
development reached their peak densities at approximately 
14 days. If a supplemental inorganic nutrient source 
had been added, the population would have increased until 
the nutrient supply was exhausted or until the medium 
became toxic. Periodically, C. hypnosporum cells die 
and the immobilized nutrients in these cells become available 
thus stimulating further population growth. Such 
responses may be observed in the growth curve by sporadic 
zoospore increases. 
Approximately one week prior to the peak of mature 
cells, aggregates of immature cells began to form. The 
total population peaked twice, once as the result of the 
increase of zoospore and immature cells and the second as 
the result of the increase in mature cells. 
Ciliated protozoa influence on a C. hypnosporum 
population. The response of the various life cycle forms 
of C. hypnosporum to an inoculum of Paramecium spp. was 
Fig. 10 Growth of C. hypnosporum in BBM. 
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studied in a subsequent experiment (Figure 11). It 
was clear that maximum ciliate increase was associated 
with peak numbers of zoospores in the medium and that 
ciliated protozoa were selectively attracted to the specific 
presence of this form of algal cell. Results showed that 
flasks containing the algae with Paramecium spp. did not 
increase at the same rate as did the algal population with¬ 
out the ciliates (control, Figure 12 ). The flask in¬ 
oculated with Paramecium spp. contained the lowest con¬ 
centration of zoospores and immature cells. In this 
treatment the ciliate population doubled in five days while 
the zoospore concentration decreased dramatically. 
Components of C. hypnosporum that influence Paramecium 
spp. migration. In an attempt to identify the C. hypnosporum 
component that influenced ciliate migration, the glass "Y" 
migration method was again used. The F value for each test 
(Appendix 7 ) and the average Paramecium spp. concentration 
estimates in each of the three possible arms were computed 
(Table 19). 
The filtrate did not avidly attract the Paramecium 
spp., however, migration did subsequently increase when the 
residual C. hypnosporum cells on the filter became the test 
/ 
material. The primary life forms of these residual cells 
were zoospores and immature cells. Next, an aliquot of 
residual cells was pressed and refiltered to test 
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TIME 
DAYS 
□ IMMATURE CELLS 
A MATURE CELLS 
• ZOOSPORES 
O CILIATED PROTOZOA (X I01) 
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Fig. 12 . A culture of C. hypnosporum with¬ 
out the influence of Paramecium spp. (Control). 
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TABLE 19 
Ciliate selective migration to various components 
of C. hypnosporum using the glass "Y" technique 
Material tested 
1. Algal cell residue on the .22um filter 
2. Filtrate 
3. Crushed residue on the .22um filter 
4. Crushed filtrate 
5* ELM Filtrate 
2. 
x Ciliates/ml 
Replicates Experiment number 
1 . 2. 
1 . 2. B. 1. 2. B. 1. 4. B. 
1. 29 20 18 28 21 17 28 18 17 
2. 31 17 16 25 15 16 25 19 20 
3. 28 18 14 27 20 16 26 21 19 
4. 5- 6. 
1 . 5 • B. 1 . 1 . B. 2. 2. B. 
1 . 24 19 13 29 24 21 23 19 16 
2. 20 16 18 28 26 19 17 20 14 
3. 23 14 15 26 30 16 19 16 16 
7- 8. 9. 
2. 3. B. 2. 4. B. 2. _ B. 
1 . 19 21 22 17 25 15 17 18 15 
2. 18 22 18 13 21 20 18 17 16 
3. 17 18 19 13 21 14 15 16 17 
Example 
Base B. 
BBM 
5 • 
r
v
>
 
*
-
*
■ 
v
^
j
 
f
s
j
 
^
 
TABLE 19 CONT. 
Replicates Experiment number 
10. 11. 12. 
2r 4. B. 3- 3- B. 3- 5. B. 
1. 16 20 17 18 20 17 14 17 19 
2. 22 30 20 18 19 15 21 18 17 
3* 17 23 14 15 17 19 20 17 17 
4^ 14. 15. 
4. 4. B. 4. 5 • B. 5. 5. B. 
1. 23 18 18 19 13 13 16 15 20 
2. 20 22 15 21 18 16 17 20 20 
3. 19 20 15 18 14 15 16 18 18 
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cellular material. The Paramecium spp. exhibited a 
greater migratory preference for the crushed filtrate 
than for the residue on the filter. When the study mate¬ 
rials were either the whole algal cell (Material 1) or the 
crushed filtrate (Material 4) significant ciliate migratory 
differences occurred among the three arms. No conclusive 
ciliate attraction or preferential migration was recorded 
when the other three materials were tested either alone 
or in combinations. 
Each of the five test materials was also studied alone 
to observe ciliate migration, i.e., both upper arms of a 
glass "Y" contained identical solutions. Only when the 
two arms contained residual C. hypnosporum cells did a 
significant difference in ciliate concentrations occur 
among the three arms. In this case, the base of each 
replicate "Y" contained low ciliate concentrations when 
compared to the upper arms (Table 19 ). 
Chlorophyte density and ciliate survival. Ciliate 
population changes attributed to added increments of three 
closely related chlorophytes are shown in Figures 13 through 
16 . Each graph contains two curves; one depicts the 
changes in ciliate population attributable to periodic algal 
amendments while the other depicts changes in a similar 
population without the added algae. In each graph the 
differences between the two curves were not visably 
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Fig. 13 . 
C. pyrenoidosa. 
Ciliate growth in the presence of 
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DAYS 
Chlorella pyrenoidosa 
A WITH ALGAL CELL AMENDMENTS 
O WITHOUT ALGAL CELL AMENDMENTS 
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Fig. 
amendments 
14 . Ciliate growth without algal 
(Control). 
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TIME 
DAYS 
Control 
A WITH ALGAL CELL AMENDMENTS 
O WITHOUT ALGAL CELL AMENDMENTS 
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Fig. 15 
C. vulgaris. 
Ciliate growth in the presence of 
TIME 
DAYS 
Chlorella Vulgaris 
A WITH ALGAL CELL AMENDMENTS 
O WITHOUT ALGAL CELL AMENDMENTS 
Fig. 16 . 
C. hypnosporum. 
Ciliate growth in the presence of 
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Chlorococcum hypnosporum 
A WITH ALGAL CELL AMENDMENTS 
O WITHOUT ALGAL CELL AMENDMENTS 
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discernable so an ANOYA was performed to statistically 
evaluate the data for each test species on each sample 
day. The control consisted of flasks void of algal 
addition where buffer was substituted for the algae. 
The differences between the ciliate population with 
the added C. pyrenoidosa cells and the ciliate population 
without are not significant (Figure 13 Appendix 8) . 
Similarly, no significant ciliate difference was recorded 
in the control flasks and any differences in ciliate 
numbers between the two control curves are attributable 
to chance (Figure i4 )• 
Test ciliate populations increased significantly when 
either C. vulgaris or C. hypnosporum cell amendments 
were added to the flasks (Figures 15 and 16 ). This 
increase did not occur until three successive algal cell 
additions had been made. Neither flasks with the C. vulgaris 
amendments nor the flasks without showed a difference in the 
ciliate population until day 14 (F=8.7^)* At that time, 
the algal density in the flasks with the algal additions 
increased to a level which stimulated ciliate population 
growth. As more cells were added, the ciliate population 
increased, eventually the difference in numbers of ciliates 
between the flask with added C. vulgaris cells and the 
flask without became significantly different. The C. 
92 
hvpnosporum additions were made from a young culture 
predominated by zoospores. Again, the difference in the ( 
number of ciliates in the flasks with added zoospores 
and the flasks without were significantly different. In 
this instance differences in ciliate numbers became highly 
apparent even though fewer algal cells had been added 
(10? as opposed to 10® for C. vulgaris). During microscopic 
examination of a sample ciliate from this experiment, 
numerous intracellular algal cells were observed (Figure 
35 ). The number of intracellular algal cells increased 
as the experiment progressed and as the background algal 
density increased. 
The influence of zoospores and bacteria on P. 
caudatum. Two experiments were conducted to study the in¬ 
fluence of different concentrations of zoospores and 
bacterial cells on a ciliate population. In the first 
experiment, the zoospore concentration was kept standard 
(5 x 105/ml ) in all flasks, while the bacterial cell 
o 
additions were varied ( 0 to 10 cells). The control 
consisted of flasks containing the varied bacteria 
amendments minus the zoospores (Figure 17 and 18 ). The 
second interaction experiment was the reverse of the first, 
i.e., the initial bacterial cell inoculum was standard 
(10° cells) in all flasks while the zoospore additions 
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Fig. 
spores on 
17 • The influence 
a ciliate population 
of bacteria and zoo- 
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TIME 
DAYS 
BACTERIAL CELL AMENDMENTS 
O 
A 
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Fig. 
zoospores 
18 . The influence of bacteria without 
on a ciliate population. 
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BACTERIAL CELL AMENDMENTS 
O 
A 
A 
□ 
O 
10 
10 
10 
4 
6 
8 
9? 
were varied (0 to 5 x 10^/ml ). Similarly, the control 
flasks were prepared with the varied zoospore amendment 
hut void of the bacterial additions (Figure 19 and 20 )• 
If an interaction or synergy occurred among the populations, 
data plotted from both experiments would be expected to 
reflect similar responses. 
A combination of at least 10^ zoospores/ml and 
lO^ bacterial cells/ ml was the optimum for the stimulation 
of a ciliate population (Figure 17 and 18 ). But when 
both bacteria and zoospore amendments exceeded the above 
levels the P. caudatum population increased by an order of 
magnitude. The control experiment containing bacteria with¬ 
out zoospore additions (Figure 18 ) developed a greater 
ciliate concentration than did the other control experiment 
which contained zoospores without bacterial additions 
(Figure 20 ). 
A bacterial inoculum of less than 10-5 cells, either 
with or without zoospores, could not sustain the test 
ciliate populations. The ciliate population response was 
more intense and occurred at a lower bacteria concentration 
in the presence of C. hypnosporum zoospores (Figures 17 
and 18 ). in conjunction with zoospores the optimum bac¬ 
terial concentration for the test ciliate population in- 
7 
crease was recorded when 10' bacterial cells were added; 
above this density the rate of P. caudatum reproduction 
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Fig. 19 . The influence of zoospores and bacteria 
on a ciliate population. 
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TIME 
DAYS 
ZOOSPORE AMENDMENTS 
A lx 10^ 
• 5x10* 
0 | x 10^ 
O 5X10° 
100 
« 
Fig 
bacteria 
20 . The influence of zoospores without 
on a ciliate population. 
101 
ZOOSPORE AMENDMENTS 
° 0 □ lx 10® 
A I* 10* O 5* I05 
• 5x I04 
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was retarded. Once zoospores were excluded, the ciliate 
population increased as the bacterial cell inoculum 
increased. 
The optimum bacterial density apparently was not 
reached. The greatest ciliate population differential 
between the first experiment and its control flasks 
appeared when 10^ bacterial cells were inoculated into 
the flasks, i.e., the ciliate population with zoospores 
increased to 150 organisms/ml , while the similar population 
without zoospores merely increased to 70 organisms/ ml. 
A comparable ciliate increase was recorded in the 
second experiment, when both the zoospore and bacterial 
concentrations exceeded 10^ cells/ml (Figure 19 ). In 
the flasks that contained either lower zoospore concentra¬ 
tions or no bacterial amendments the ciliate population 
was only weakly stimulated and in most cases incapable of 
surviving on the available nutrient source; neither 
zoospores nor bacteria alone stimulated the ciliate popula¬ 
tion as well as a combination of both bacterial cells and 
C. hypnosporum zoospores. 
P. caudatum and the selective ingestion of algal 
cells. Rapport et al. (1972) performed predation experiments 
on microzooplankton and their design and statistical evalua¬ 
tion of data served as a basis for the following investiga¬ 
tion. For this research, P. caudatum was inoculated into 
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receptacles containing either a single algal species or 
a two-species algal mixture in order to study the 
ciliates' preference for feeding on specific algal cells. 
Aliquots of five morphologically different algal species 
were tested to aid in the identification and enumeration 
of intracellular algal cells (Figures 3^ through 39 )• 
Before the data could he statistically evaluated 
the following values had to be determined: 
u^= The mean number of algal cells a ciliate ingests 
in a single culture of test species one. 
u2= The mean number of algal cells a ciliate ingests 
in a single culture of test species two. 
u = The mean number of algal cells a ciliate ingests 
in a mixed culture of test species one and two. 
u^= The mean number of algal cells a ciliate ingests 
in a mixed culture of test species one and two. 
u^= The mean number of algal cells of test species 
two a ciliate ingests in a mixed culture of 
species one and species two. 
It was theorized that the ciliate would not exhibit a pre¬ 
ference when in a mixed algal culture of two species, 
it would ingest an equal quantity of both test-species- 
one cells and test-species-two cells (u=.5u1+.5u2). So, 
any value computed for •5u1+.5u2 not equaling u 
would indicate an ingestion preference. In a mixed 
104 
culture ingestion preference is expressed as: 
U= .5 (Piu1) + .5 ( Ppu2 ) 
The parameters P^ and P£ are preference coefficients 
representing a ratio between the number of algal cells 
(test-species-one) ingested in a single culture and the 
number of cells (test-species-one) ingested in a mixed 
culture or: 
2u^ 
u^ u 
2 
If the P^ ^ index is positive, the ciliate preferred to 
ingest test-species-one; conversely, a negative index 
denotes that the ciliate preferred to ingest test-species- 
two . 
The average number of algal cells ingested in a 
single test culture ranged from a high of 9.08 (when 
C. hypnosporum zoospores were the test species) to a low 
of .26 (When Oscillatoria spp. was the test species; 
Tables 20,21,22 and Appendix 9 ). Except for a 
slight imbalance that may be attributed to sampling error 
variance, the number of positive preference indices should 
balance the number of negative preference indices when 
ingestion preference occurred in mixed cultures (Table 20 ). 
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TABLE 22 
Average algal cell ingestion in mixed cultures 
expressed as a percentage of single culture ingestion 
C.h. S.q. 
C.h. - 80 
S.q. 34 — 
G.sp. 163 73 
C . v. 112 109 
O.sp. 69 38 
C. hypnosporum 
S. quadricauda 
Gloeocapsa sp. 
C. vulgaris 
Oscillatoria spp. 
C.h. 
S.q. 
G.sp. 
C. v. 
O.sp. 
G.sp. C. v. O.sp. 
94 105 93 
42 16 51 
— 40 112 
118 — 92 
38 58 — 
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The percentage of replicates in which the Paramecium 
selectivly ingested test-species-one based on all 12 
replicates plus the number of replicates exhibiting no 
preference was computed (Table 21 ). For example, when 
C. hypnosporum zoospores were mixed with Oscillatoria spp., 
no ingestion preference occurred in replicates one and three. 
Here, a more accurate preference estimate could be based 
on 10 rather than 12 replicates, and the preference for 
C. hypnosporum zoospores over Oscillatoria spp. thus 
increased from 66.6% to 83-3%• However, the actual 
number of replicates in which C. hypnosporum zoospores were 
selected over Oscillatoria spp. did not change. 
Any ingestion synergy or antagonism stimulated by 
the interaction between the two algal species was statis¬ 
tically evaluated (Table 22 ). A computed percentage 
value greater than 100 suggests the possibility of a 
synergy, i.e., that the ciliate ingests more cells from 
a test algal species in mixed culture than it does in a 
single culture. For example 163% indicates that in a 
mixed culture of C. hypnosporum zoospores and Gloeocapsa sp., 
Paramecium caudatum ingested 163% of the number of zoospores 
ingested in a single culture. Percentages in excess of 90 
were calculated in most experiments testing either 
0. hypnosporum or C. vulgaris. When these two chlorophytes 
were tested together the ciliates ingested more of both in 
109 
mixed cultures (112$, 105$). Similarly ingestion 
preference for S. quadricauda in a mixed culture is 
less than ingestion in a single culture (e.g. > ^2$ 
16$, 51$). 
These results suggest that ingestion preference of 
ciliates depends on the physiological state of both the 
ciliate and algal cell, and most importantly, on the 
algal species tested. Though the algal species tested 
were of various sizes all were capable of being ingested 
by the ciliate (Appendix 10 ). Thus, algal cell size did 
not dictate ingestion preference by Paramecium caudatum. 
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Field Studies 
Field investigations were performed at two meso- 
trophic lakes in Massachusetts to monitor the seasonal 
changes that take place in microbial populations 
associated with littoral zone macrophyte stands. The 
results were useful not only in illustrating changes in 
algal and ciliate populations but also in devising 
laboratory experiments in which similar populations could 
be tested to study specific interactions. The seasonal 
microbial population trends are reported in Figures 21 
through 32 . A cyanophyte bloom developed in 1976 while 
none occurred in the previous year. Ruttner (1963) and 
Wetzel (1975) both described the many difficulties en¬ 
countered in collecting a representative field sample. 
The difficulties are even more complex when the focus 
of the sampling becomes the microbial populations associated 
with littoral macrophytes (Westlake 1963; Sculthorpe 1967). 
In late summer and early autumn conditions become optimum 
for the development of dense ciliate populations in the 
littoral zone (Van Wagtendonk 1976). Figure 33 is an 
aerial view of the area in Pottapaug Pond from. which 
field samples were taken. The photograph was taken in 
early spring before macrophytic growth had developed and 
while winter runoff was still occurring. 
Ill 
The structure of the biological community responds 
to changes in background environmental variables as well 
as to oscillations within indigenous microbial populations. 
The ciliate population increased to the greatest concentra¬ 
tion (600 ciliates/ml), in the algal bloom year of 1976 
(Figure 21 ). The prevalent ciliate genera noted during 
that year included Paramecium spp., Tetrahymena spp., 
Colpoda spp., Stentor spp., Stylonchia spp. and Euplotes 
spp. During that season the ciliate concentration remained 
consistently greater and increased earlier than in the 
non-algal bloom year (1975. Figure 21 ). For example, 
in early August of both 1975 and 1976 the ciliate popula¬ 
tions were estimated to be approximately 20 and 100 ciliates 
per ml, respectively. Inherent changes in algal species 
composition may affect the size of the ciliate population 
(Figure 22 and 23 ) either through direct or indirect 
stimulation.Percent of algae in 1975 is shown(Figure 24). 
An algal bloom of cyanophytes occurred in 1976 as 
seen in Figure 25 which reflects the change in percent 
composition of the three most prominent algal divisions. 
The percent difference between the cyanophyte and chloro- 
phyte populations in the late summer of 1976 was calculated 
to be 30whereas the percent difference between the two 
algal divisions at a similar time was calculated to be only 
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Fig. 21 
littoral zone 
. The number of ciliated protozoa in the 
of Pottapaug Pond during 1975 and 1976. 
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Fig. 22 The number of algal cells in the 
littoral zone of Pottapaug Pond during 1975. 
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TIME 
MONTHS 
O CYANOPHYTES 
• CHLOROPHYTES 
a BACILL ARIOPHYTES 
116 
Fig 
littoral 
23 . The number of algal cells in the 
zone of Pottapaug Pond during 1976. 
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A CYANOPHYTES 
■ CHLOROPHYTES 
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Fig. 24 • The difference in composition of 
various algal cells in the littoral zone of Pottapaug 
Pond during 1975* 
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Fig. 25 
various cells 
during 1976. 
The difference in composition of 
in the littoral zone of Pottapaug Pond 
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10$ in the non-bloom year. Selective grazing by herbivores 
on the chlorophytes throughout the summer may partially 
account for the difference between 3°^ an6 1°^* As "the 
chlorophyte population was being grazed upon the less 
desirable cyanophytes increased. Possibly a niche was 
created, giving the cyanophytes a competitive edge (Porter 
1973). The bacterial concentration gradually increased 
in late summer as a response to increased nutrients released 
during macrophytic and algal decomposition (Figure 26 )* 
Bacterial levels were greater in 1976 possibly due to 
increased organic matter resulting from increased growth 
and, eventually, increased decomposition. At least a 
slight bacterial decrease would be expected if bacterial 
cells were the exclusive source of nutrition to the ciliated 
protozoa, but apparently this did not occur. 
Lashaway Lake is an urban mesotrophic impoundment 
located in eastern Massachusetts. A similar cyanophyte 
bloom occurred in 1976, as shown in the percent composition 
of the three most prominent algal divisions (Figure 31 )• 
In both years the percent of chlorophytes decreased while 
that of cyanophytes increased from August until October. 
The ciliate concentration also increased from 30 
ciliates/ml to 5^0 ciliates/ml in 1976. As in Pottapaug 
Pond, the summer ciliate concentration in the bloom year 
more than doubled the concentration of the non-bloom 
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Fig. 26 
littoral zone 
The number of bacterial cells in the 
of Pottapaug Pond during 1975 and 1976. 
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year (Figure 27 ).Algae is shown in Figures 28, 29. 
The microfloral composition is more accurately 
represented by the percent composition graphs (Figures 
30 , 31 ) than by the graphs showing the relative con¬ 
centration of algal cells or algal units/ml. The percent 
composition difference between cyanophytes and chlorophytes 
in 1976 was approximately , while in the non-bloom 
year the difference appeared to be less than 10%. Again, 
an early ciliate increase and ultimately large ciliate 
population corresponded to an increased percentage of 
cyanophytes and a decreased percentage of chlorophytes. In 
1976 the estimated bacterial concentration exceeded that 
of the previous year (Figure 32 ). 
The occurrence of maximum ciliate abundance corresponds 
with results compiled from other lentic environments (PASNY 
1977). In both mesotrophic lakes studied, the increase in 
ciliate concentration during the bloom year was closely 
followed by a decrease in the contribution made by 
chlorophytes to the total microfloral population. The 
early increase in ciliate concentration was recorded in 
only the bloom year. The phytoplankton and bacterial 
population data presented on the graphs are within the 
limits cited by Wetzel (1975)* 
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Fig. 27 . The number of ciliated protozoa 
the littoral zone of Lashaway Lake during 1975 and 
1976. 
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Fig. ^8 , The number of algal cells in the littoral 
zone of Lashaway Lake during 1975* 
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Fig. 29 
littoral zone of 
The number of algal cells in the 
Lashaway Lake during 1976. 
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Fig. 30 . The difference in composition of 
various algal cells in the littoral zone of Lashaway 
Lake during 1975* 
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Fig. 31 . The differences in 
various algal cells in the littoral 
Lake during 1976. 
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Fig. 32 . The number of bacterial cells in the 
littoral zone of Lashaway Lake during 1975 and 1976. 
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Aerial view of Pottapaug Pond. Fig. 33 

DISCUSSION 
The littoral zone is the site most conducive for 
ciliate development in the lacustrine environment (Jones 
1974). The pH of the littoral zone does not usually fall 
below 5.0 or exceed 9.0, a range well within the limits 
for ciliate survival and normal reproduction (Kudo 1966). 
However, the photosynthetic and respiratory activities of 
the littoral aquatic flora can quickly and dramatically 
alter the pH over a diurnal cycle. Background pH does 
not control ciliate survival, if it did, diurnal fluctuations 
in ciliate concentrations would be reported. After an 
initial shock at pH 5*0, the test ciliates slowly became 
acclimated to the reduced pH and the population gradually 
increased. Laboratory experiments were thus conducted at 
approximately a neutral pH since this level is optimal for 
ciliate development and migration. 
Flasks with bacterial cell amendments contained the 
greatest ciliate concentrations apparently because the 
bacteria were readily available as a palatable nutrient 
source. Reduced ciliate development occurred in the other 
test amendments, e.g., plant tissue (Myriophyllum sp.) was 
unable to sustain the protozoa, becoming available only 
after microbial decomposition. An adequate organic carbon 
source of either supplemental bacteria or supplemental 
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carbohydrates is a prerequisite for survival of the 
heterotrophic ciliates. The pH ranges tested and nutrient 
sources tested are typical of those usually found in the 
littoral zone (Ruttner 1963; Wetzel 1975)* 
A diphosphate buffer medium was selected because it 
lacked supplemental inorganic and organic nutrients 
essential for autotrophic and heterotrophic growth. The 
buffer also minimized chances for osmotic shock in the 
protozoa, a major problem in the deionized water medium. 
BBM, the other medium used, supplied copious inorganic nu¬ 
trients to the algae and thus precluded control over the 
microfloral populations. Because the littoral ecotone 
is not bacteria free, a monoculture or mixed ciliate culture 
was used as suggested by Calkins and Summers (1941). Neither 
beaker position nor migration arm position significantly 
influenced ciliate migration because all positions permitted 
ciliate entrance equally. Position was arbitrarily numbered 
in a counter-clockwise manner. 
The ciliates survived in the control receptacle 
despite the lack of nutrients. Perhaps they fed on residual 
bacteria in the apparatus or on bacteria adhering to the 
surface of migrating ciliates. As protozoa died, organic 
material also became available to the heterotrophic bacteria 
and, eventually, to the surviving ciliates. At any rate, the 
beaker experiment demonstrated the ciliates' affinity for 
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certain algal species but nothing conclusive about 
selective migration. Selective migration could be inferred 
because the ciliate initially selected an algal culture 
by entering a beaker; however, a distinction between 
migration and reproduction was not possible. From the 
results of the beaker technique experiments it is apparent 
that different ciliate concentrations in each algal culture 
are not the result of mere chance migration. This was 
confirmed from the migration chamber experiment where the 
attraction of ciliated protozoa to specific algal cells 
was verified (i.e. C. hypnosporum and C. vulgaris). 
The glass "Y" method offered the first unequivicol 
demonstration of the capacity of ciliated protozoa to 
migrate to selected algal cells. This experiment was 
short (12 hours) and therefore precluded significant 
reproduction. As in the beaker and chamber experiments, 
the negatively geotrophic migrating ciliates selected the 
unicellular chlorophytes, C. hypnosporum and C. vulgaris. 
A cyanophyte Gloeocapsa sp., smaller in size than 
C. hypnosporum but larger than C_. vulgaris, was used 
to test the influence of cell size on ciliate migration. The 
larger C. hypnosporum cell attracted more ciliates than the 
smaller Gloeocapsa sp. When C. hypnQsPQ2:M was tested 
against itself (1-1-B) a low ciliate concentration was 
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found in the base. The ciliates apparently preferred 
migrating to either glass "Y" arm rather than remaining 
in the base. No such difference in ciliate numbers was 
recorded when C. vulgaris, Gloeocapsa sp. or Oscillatoria 
spp. were tested against themselves. A more intensive 
investigation of selective migration was performed through 
the pasteur pipet method. In this study the ciliates in 
the pipets selectively migrated to the pipet filled with 
the algal culture of their choice. The effects of 
C. hypnosporum life-cycle changes on ciliate migration 
were first observed by this method since the experimental 
protocol provided for the testing of three different 
culture ages. A significantly different ciliate concentra¬ 
tion existed among each of the three C. hypnosporum cultures 
tested. The young motile zoospores (14 day culture) re¬ 
mained in solution, which explains the similarity between 
the algal cell concentrations originally inoculated into 
the pipet and the concentrations at the termination of the 
experiment. Of the three cultures tested, the youngest 
culture attracted the greatest ciliate concentration. Many 
of the 30-day and 60-day culture cells appeared to be non- 
motile vegetative cells (Figure 37 )» which accounts for 
the large algal cell decline at the end of the experiment 
(Morris 1971). 
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Three closely related chlorophytes and one cyanophyte 
were tested in the celective migration chamber. Both 
C. pyrenoidosa and _Cg hypnosporum cells are very similar 
in size, therefore, the difference in ciliate concentration 
between the two suggest a ciliate preference. The larger 
C. hypnosporum cell was selected over the smaller C. vulgaris 
and Gloeocapsa sp. cell, once again proving that selectivity 
is not size specific. Hirson (1969) reported that ciliates 
do not select food based on size because a "real and 
effective choice is made between food particles made up of 
living cells." If this is true ciliate selective migration 
in the migration chamber experiment would not be expected 
each time; as the algal species changed so too would the 
number of experiments in which the ciliates would exhibit 
a selective migration. 
Paramecium spp. added to a culture of C. hypnosporum 
influenced the life cycle and ultimately the maximum 
population be selectively ingesting zoospores and im¬ 
mature cells. This selectivity explains the reduction 
in the number of vegetative cells in the C. hypnosporum 
culture inoculated with ciliates. The intracellular 
zoospore and immature algal cell is readily identifiable 
upon microscopic examination (Figure 38 ). 
Once these intracellular algal forms were identified, 
the glass "Y" apparatus was again used to observe Paramecium 
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migration to various C. hypnosporum components. The 
zoospores became of special interest because of the large 
ciliate concentration found in the young C. hypnosporum 
culture in the pasteur pipet experiment. The glass 
"Y" design does not test chemotaxis; however it is 
difficult to totally discount a ciliate response triggered 
by an algal metabolite. It is possible that the algal 
substance passing through the filter ( .22 urn) may have 
been too dilute to elicit a chemotactic response from the 
ciliates. Of all the algal material tested, only the whole 
algal cell and crushed algal material attracted ciliates. 
Gunnison and Alexander (1975) suggested that biochemical 
differences in the algal cell wall in part determines 
cell susceptability to bacterial decomposition. If so, 
the lack of ciliates in the detritus and crushed cell 
treatment (crushed cellular residue remaining on the .22 
urn filter) is plausible. Once the algal cell is dis¬ 
rupted, ciliate attraction diminished, because the ciliate 
prefers to remain a hlolzoic feeder ingesting only dis¬ 
crete zoospores or immature cells (Figure 38 ). 
Cellular additions of C. vulgaris and C. hypnosporum 
stimulate a ciliate population. No response or ciliate 
increase was observed in the presence of additional C. 
pyrenoidosa cells, which may explain the low ciliate 
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concentration in the migration chamber experiment. 
The inoculated bacterial supply was exhausted within 
two weeks, forcing the protozoa to ingest the test algal 
cells or perish. Bacteria in flasks with added algal cells 
received periodic increments of organic matter, thus enabling 
these microbes to sustain a residual population despite 
pressures of ciliate predation. Ciliates in flasks void 
of algal additions are apparently able to survive but 
unable to reproduce. A minimum concentration of both 
C. hypnosporum and C. vulgaris cells, in combination with 
background bacteria, appears necessary to stimulate a 
ciliate population. Only after three cellular additions 
were made did the ciliate population finally respond. 
The determination that the zoospore concentration in 
conjunction with bacterial cells are influential in dictating 
ciliate migration prompted an evaluation of the ciliate- 
zoospore-bacterial interaction. Past research has not 
considered the role of bacteria in directing ciliate graz¬ 
ing on certain algal species. These results demonstrate 
that the presence of an adequate supply of both zoospores 
and bacteria is required before the protozoa population 
significantly increased. A synergy appears to exist in 
which a medium containing both zoospores and bacteria stimu¬ 
lated greater ciliate reproduction than did a medium con- 
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taining only zoospores or only bacteria. Additional 
organic matter derived from decomposing algal cells and 
ciliate cells in turn stimulated further bacterial growth. 
Finally, once the ciliates declined, immobilized inorganic 
nutrients became available to the algal cells. In effect 
each of three populations fluctuated in response to the 
other two. 
However, a threshold level of both bacteria and zoo¬ 
spores was required before the ciliate population responded. 
In the experimental ciliate populations, the threshold 
response occurred when both algal and bacterial concentrations 
reached approximately 10^ cells/ml. A similar response 
was observed in the field results; when both the chlorophyte 
and bacterial populations reached approximately 10^ cells/ml, 
the ciliate population dramatically increased (Figures 21 
through 32 ). This threshold response may explain the 
ciliate increase in the algal increment study when doses 
of zoospores were added. The ciliate population responded 
when a sufficient concentration of both zoospores and bacter¬ 
ia developed. 
In the littoral zone, in nature the following 
scenario may be postulated. The ciliate population gradually 
increased by feeding on background bacteria, as well as 
an occasional algal cell; at a point when both bacteria 
and green algae approach 10^ cells/ml (late August 
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and September) the ciliate population dramatically in¬ 
creases. Once a large ciliate population exists (e.g. 
400/ml) and the 10^ threshold is pushed up to possibly 
10^, the bacterial supply becomes limiting and the large 
ciliate population is forced to find an alternate food 
source (algal cells), or perish. This would be sup¬ 
ported by the fact that during this time many algal cells 
are found inside the ciliated protozoa. Gradually the 
ciliate population declines, the threshold decreases and 
the bacterial concentration increases because of active 
decomposition. Another oscillation in the seasonal cycle 
occurs as the ciliate population again increases after 
feeding on selected chlorophytes and bacteria. Ciliate 
grazing pressures on chlorophytes may in part limit the 
food available to other herbivores (rotifers, crustaceans) 
or they may permit the less desirable and edible cyanophytes 
to dominate. In combination with other environmental vari¬ 
ables, the algal-ciliate-bacterial interaction may in¬ 
fluence phytoplanktonic succession (Porter 1977; Patrick 
1969). 
A quantitive measurement of the influence ciliates 
have as grazing herbivores was made. The greatest ingestion 
by ciliates occurred when C. hypnosporum and C. vulgaris 
cells served as the test algal species (e.g. 9*08 C. 
hypnosporum and 7.58 C. vulgaris cells per ciliate). That 
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ciliates preferred any algal cells over the filamentous 
cyanophyte, Oscillatoria spp., is reflected in its very 
low ingestion values. Occasionally a large intracellular 
Oscillatoria spp. filament was observed (Figure 39 )» 
showing that the ciliate is capable of ingesting large algal 
cells. Within the time allowed the ciliates ingested or 
preferred to ingest the C. hypnosporum zoospore over the 
smaller C. vulgaris cell. 
Ciliates and nannoplanktonic algae have recently been 
found to be significant members of the littoral ecosystem; 
undoubtedly their role in research will become more 
prominent as it is recognized the ciliates increase at 
the expense of the chlorophytes. This may be enough to 
trigger unpleasant cyanophyte bloom. Indeed, the 
neglected ciliate-algal interaction may be of potential 
value in predicting the development of bloom conditions 
in the late summer. 
It is clear that bacteria are not the sole source of 
nutrition for the protozoa. If this in fact were the case, 
the large ciliate concentrations recorded between August 
and September would have decimated the bacterial population. 
However, a clear inverse relation between numbers of ciliates 
and bacteria was not observed suggesting that ciliates 
modified their diets to include other palatable substances. 
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among which could be selected algal cells. 
The ciliate-algal interaction may be viewed from 
either of two perspectives: one may examine ciliates 
that selectively migrate or are attracted to a particular 
algal cell or one may examine the algal cell that stimulates 
ciliate reproduction but does not attract the ciliate. The 
ciliate population's reaction to the second possibility 
may not be the result of selective migration but rather 
of an increase in the migrated ciliates. The laboratory 
experiments demonstrated both types of population response. 
In situ studies are beneficial in tracing indigenous 
microfloral trends that reflect ciliate population fluctua¬ 
tions, but are of limited value in determining ciliate 
selective migration. 
Because low ciliate densities have been reported from 
open water research, the ciliate as a selective herbivore 
has not been considered. In littoral macrophyte stands, 
however, a substantial percentage of the zooplankton 
population is composed of ciliated protozoa (Sorokin and 
Paveljeva 1972). With the advent of more delicate and 
sophisticated sampling techniques greater ciliate concen¬ 
trations are being reported; for example, an estimated 70% 
of all the zooplankton in Cayuga Lake (an oligotrophic lake) 
are protozoa (NYSEG 197*0 • The littoral nannoplankton- 
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ciliated protozoa interaction is especially interesting 
because these tiny algal cells, a prime food for ciliates, 
are subject to heavy grazing. Recently Paerl and Mackenzie 
(1977) discovered that nanoplankton represent a significant 
portion of the total aquatic microflora. Porter (1977)» 
the first author to suggest the importance of this neglected 
algal segment, described how basic false assumptions have 
produced inaccurate mathematical models used to predict 
the effects of grazing on algal populations. 
It has been shown that under specific conditions, cil¬ 
iated protozoa become grazing herbivores, and how major 
a component of the littoral ecosystem is the protozoa- 
bacteria relationship. Ciliates that feed exclusively on 
bacteria or dissolved nutrients remain colorless and void 
of intracellular algal cells (Figure 34 ); this fact 
facilitates identification of the ciliates that have 
supplemented their diet with algal cells (Figure 35 ). 
The different shades of green indicate various stages of 
algal cellular decomposition; once the algal cell wall is 
penetrated by enzymes the intracellular nutrients have 
become available to the ciliate. 
Some intracellular algae are viable, and -some are not; 
some are passed by the ciliate, while others are not. 
Paramecium spp. that elect to remove an intracellular or 
algal cell do so by passing it via the cytoproct, as 
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shown in Figure 36 . Porter (1975) reported on the 
movement and reproduction of viable algal cells inside 
a herbivore's gut; this relationship permits the algal 
cell to use the herbivore's metabolic byproducts for tis 
own purposes. The actual mechanism triggering algal 
digestion is different from endosymbiosis (Karakashian 
1963). The ciliates’ quick movement is responsible for 
both their wide dispersion and higher feeding rates (Wetzel 
1975). Herbivores including the ciliates, have a significant 
effect on the nannoplanktonic algal population and, 
ultimately, on algal succession. 
If the theories of Ludwig (1928) and Curds and 
z 
Cockbum (1968) are applied, at least 5 x 10 cells per 
ml per day would be required to maintain a ciliate popula¬ 
tion of 500 organisms/ml. The bacterial concentrations 
recorded in situ samples are one order of magnitude less, 
which suggests that the ciliate must be fulfilling its nu¬ 
trient requirements from an alternate source, namely 
the nannoplanktonic algae. In the results reported here, 
the ciliate concentration doubled as the bacterial level 
increased to approximately 10^ cells/ml. At the same 
time, no decimating effect from the increased protozoa 
population was recorded, a fact that lends credence to the 
theory that the ciliates do supplement their diets with 
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another source of nutrition. 
It was found that in late summer, as the bacterial 
concentration approached 10^ cells/ml, many ciliates con¬ 
tained intracellular green vacuoles resulting from the 
ingestion of algal cells. The effects the ciliates would 
have on the chlorophyte population if in fact they did 
ingest selected chlorophyte cells, could be hypothesized 
in the following manner: 
If each of the 500 ciliates in a 1.0 ml littoral water 
aliquot ingested 5 algal cells/hr, the algal cell concentra- 
tion required by the ciliates would exceed 10^ algal 
cells per ml per day, assuming a 12 hour generation time 
(Kudo 1966). The ciliates would theoretically decimate a 
chlorophyte population in only one day, because the total 
littoral algal density did not reach 10° cells/ml. This 
estimated algal concentration agrees with Hutchinson 
(1967) who reported the algal density in aquatic ecosystems 
to range from 10-5 to 10° cells/ml. The impact on the algal 
population would be even greater if the ciliate ingestion 
4 
value of 3*5 x 10 algal cells per cc per day, as reported 
by Goulder (1972) were considered. 
Results from an in situ zooplankton feeding chamber 
designed by Haney (1971, 1973) document that herbivore 
grazing rates can exceed one hundred percent of daily 
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phytoplankton production. Thus, the chlorophyte decline 
in late summer (Figure 31 ) may be partially attributed 
to active grazing pressures, because the decline coincides 
with the maximum ciliate concentrations. 
If the ciliate population is significant in the 
summer, the ciliates feed on the nannoplanktonic chloro- 
phytes, which increases the availability of inorganic 
nutrients and stimulates cyanophyte growth. Not only 
does the percent of chlorophytes decline, but the percent 
of cyanophytes increases, as was recorded in the bloom 
year. 
Littoral herbivores can be very efficient plankton 
feeders even at low resource levels (McNaught 1977) and 
can influence the turnover rates of a grazed algal species. 
Cooper (1973) found algal turnover rates to be independent 
of nutrient regeneration or nutrient availability. King 
(1967) concluded that the source of an herbivore's food, 
whether algal or dissolved organism, influences its life 
functions, including the reproduction rate, and thereby 
indirectly controls the concentration of littoral herbi¬ 
vores. 
Without an adequate bacterial supply to sustain the 
large ciliate increase in late summer, the protozoa begin 
to feed on selected algal cells, thus producing the numerous 
algal vacuoles found in the ciliates in September. Algal 
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cells alone cannot sustain a ciliate population; threshold 
"bacterial concentration is required to support the 
protozoa, below which the presence of algal cells is 
inconsequential and the ciliate population declines 
until the bacteria level again becomes adequate. Thus 
supplemental nutrients in the form of either background 
bacteria or dissolved nutrients, as is found in the 
macrophyte stands, are required. If the ciliate were 
capable of surviving exclusively on dissolved nutrients, 
no seasonal grazing activities would be recorded. It 
could also be possible that the bacterial cells are needed 
to provide an enzymatic potential for the digestion of algal 
cells. This would explain the need for a threshold level 
of bacteria before the ciliate can fully benefit from the 
selected algal cell. 
An alternate synergistic interaction among the 
littoral ciliate-algal bacterial populations may also 
exist. In the bloom year (1976), the maximum ciliate pop¬ 
ulation only slightly exceeded the ciliate population of 
the non-bloom year (1975)- The major factor in the dif¬ 
ference in ciliate populations for the two years was the 
seasonal difference in ciliate concentration: i.e., in 
early September 1975 the ciliate population was estimated 
at 75 organisms/ml, while at the same time in 1976 the 
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population was estimated to be four times greater at 
290 organisms/ml. In the bloom year, not only were there 
more ciliates earlier, but also more cyanophytes. It is 
known that the polysaccharides in the cyanophytes’ gel¬ 
atinous coat contribute to an increase in available 
organic matter thus stimulating the indigenous bacterial 
populations (Fogg 1965)* The influence on ciliated protozoa 
is indirect through the increased bacteria. 
Field results to date neither confirm nor deny that 
ciliated protozoa feed selectively on algae; they do how¬ 
ever, indicate the occurrence of specific algal ingestion 
and identify the variables relating to such ingestion. The 
laboratory investigations performed in a controlled envir¬ 
onment were derived from suggestions emerging from results 
of field analyses. They were designed to investigate wheth¬ 
er ciliates selectively migrate by manipulating, in a con¬ 
trolled environment, the variables present in the field. 
Populations of littoral herbivores, i.e., ciliates, rotifers, 
crustaceans, etc., can alter population succession of spec¬ 
ific algal groups. The results of these laboratory exper¬ 
iments confirm established concepts of protozoan selectivity, 
in addition these studies cast new light on ciliate select¬ 
ivity stimulated by the algal cell life form (namely the 
zoospore) and the contributing role of associated bacteria. 
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Fig. 3^ 
algal cells. 
Paramecium spp. void of intracellular 
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Fig. 35 • Paramecium spp. with vacuoles 
containing many C. vulgaris. Each vacuole contains 
many discrete algal cells. 
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Fig. 36 . Paramecium spp.with intracellular algal 
cells passing a discrete aggregation through the cyto- 
proct. Different stages of algal decomposition are rep¬ 
resented by different shades of green. 
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Fig. 37 C. hypnosporum in various 
development; zoospores, immature and vegetal 
stages of 
ive cells. 
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Fig. 38 • Paramecium spp. containing C. hypno- 
sporum zoospores and immature cells. The vacuoles 
contain from 1 to 3 algal cells each. 
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Fig. 39 • P. caudatum after ingestion of a 
filament of Qscillatoria spp. as well as other uni¬ 
cellular chlorophytes. The filament is shown as an 
intracellular algal rod. 
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SUMMARY 
Seasonal changes in algal, ciliate and bacterial 
populations were monitored in two mesotrophic Massachusetts 
lakes. The greatest ciliate densities in littoral areas 
occurred during late summer and early autumn. The optimal 
pH range for a mixed ciliate population is between pH 
6.0 and 9.0, a range within the usual limits found in the 
littoral ecosystem. At pH $.0, the ciliates slowly became 
acclimated and survived while at pH 4.0 all ciliates died. 
A laboratory combination of bacteria, macrophyte tissue 
and carbohydrate most closely simulated the natural littoral 
zone environment and appeared the most favorable combination 
for ciliate survival. Chlorophytes stimulated a ciliate 
population increase much more rapidly than did cyanophytes. 
In experiments on ciliate selection of algal cells position 
of the test vessel in both the beaker technique and 
migration chamber was not significant, algal species in 
the migration studies attracted ciliates at different 
rates. The ciliates found in the arms of the glass "Y" 
were the results of selective migration, not of reproduction. 
The greatest ciliate concentrations appeared in the arms 
containing the unicellular chlorophytes. A specific 
life form of Chlorococcum hypnosporum, i.e., zoospores, 
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exerted a major influence on ciliate migration in the 
pasteur pipet technique. Chlorococcum hypnosporum 
zoospores and immature cells attracted the most ciliates. 
Chlorococcum hypnosporum and Chlorella vulgaris cell 
density also influences Paramecium spp. survival. When 
Paramecium spp. was added to a Chlorococcum hypnosporum 
culture, the protozoa influences the zoospore population 
and ultimately the final algal population. A threshold 
level of both algal cells and bacteria was required for 
ciliate population to reach a maximum density. The 
presence of the bacteria may reflect the need for bacterial 
enzymes to facilitate the ciliate digestive sequence. Algal 
selectivity by ciliates was not size specific, other 
factors such as algal life-form, algal concentration and 
background bacterial levels contribute to this selectivity. 
Ciliated protozoa as do other herbivores, contribute to 
algal succession and to littoral ecosystem dynamics. 
Evidence is presented for the 'presence of Paramecium spp; 
void of intracellular algal cells, with dense intra¬ 
cellular algal cells, with discrete zoospores and immature 
cells and with an intracellular filamentous cyanophyte. 
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APPENDIX 1 
Bold's Basic Medium 
Stock salt solutions: 
NaNO^ 
MgS04*7H20 
k2hpo4 
kh2po4 
CaCl2 
NaCl 
10g/400 ml H20 
2g/400 ml H20 
4g/400 ml H20 
6g/400 ml H20 
lg/400 ml H20 
lg/400 ml H20 
Prepare 936 ml of distilled water and add 10 ml of 
each salt solution and 1 ml of each of the following: 
EDTA stock: 
To 1000ml glass distilled water add 50g EDTA and 
31g KOH (85%)• 
H-Fe stock: 
To 1000ml acidified water (1 ml concentrated 
H2S04 added to 999 ml of glass distilled water) 
add 4.98g FeS04 *7 H20. 
Boron stock: 
To 1000 ml acidified water add 11.42g H^BOy 
H-H5 stock: 
To 1000 ml acidified water add the following: 
ZnSC4 
Mo04 
Co(N0^ 
8.82g 
• 71g 
) • 
6ho0 .49g 
MnCl2 
c* 1.44g 
CuS04 •5H2o l.57g 
After preparing the medium sterilize "by auto¬ 
claving for 15 minutes at 15 psi pressure. 
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APPENDIX 2 
Algal Cell Density in Relation to Ciliate 
Survival in the Test Tube Experiment 
Algal cells or units/ml 
Time (Days) 
0 n ™ i. 28 36 
C. vulgaris 1x1 (g ?xl 0^ 9x107 6x108 
C. hypnosporum 4x105 6x105 6x104 8x104 
Oscillatoria spp. 5x104 
k 
7x10 4x106 6x10 6 
A. nidulans lxl 08 5x108 TNTC* TNTC* 
C. moewusii (-) 5x106 lxl 08 2x105 6x10^ 
BBM 
— i i 
i i 
i i 
i i 
1 1 
1 1 
1 1 
1 1 — 
Buffer 
— — — 11
 
11
 
11
 
11
 
w 
Too numerous to count 
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APPENDIX 3 
The Position of Each Algal Species in the 
Six Beaker Experiments with the Corresponding F Test 
Value Computed from All Sample Days 
Position 
Test 
number 1 2 3 4 
F Test 
Value 
1 C.h. G. sp. C. v. BBM 4.30* 
2 0. sp. C.h. BBM C. v. 5.99** 
3 G. sp. BBM 0. sp. C.h. 4.18* 
4 BBM 0. sp. G. sp. C.h. 5.80* 
5 C. v. BBM C.h. 0. sp. 9.00** 
6 0. sp. C. v. BBM G. sp. 3.?0* 
C.h. - 
C. v. 
0. sp.- 
G. sp.- 
BBM 
F.05 = 
F.01 = 
C. hypnosporum 
C. vulgaris 
Oscillatoria spp. 
Gloeocapsa sp. 
Bold's Basic Medium 
3.49* 
5 • 95'** 
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APPENDIX 4 
Algal Cell Density in the Beaker Technique 
C. hypnosporum 
C. vulgaris 
Gloeocapsa sp. 
Oscillatoria spp. 
Time 
(Days) 1 
Position 
2 3 4 
0 ixi<P lxlO3 lxl O3 lxlO5 
5 4x105 2x105 4xl05 3x105 
10 6x1 <2 4x105 6x105 5x105 
15 2x1 (2 CIO5 4x1 O5 lxlO5 
20 < 1(2 CIO5 cio5 Cio5 
0 ixi<2 lxlO6 lxlO6 lxl O6 
5 3x1 (2 3x106 4x106 
7x10 6 
3x1 o6 
5x106 10 4x10 6 2x1 06 
15 7x10 6 5xi o6 8x1 Ob 6x10° 
9x106 20 9x10b 9x106 1x10' 
0 lxlO5 lxlO5 lxlO5 lxlO5 
5 4x105 6x105 4x105 4x105 
10 3x10-5 4x105 2x105 5x105 
15 7x105 lxlO6 5x105 4x105 
20 6x103 7x105 6x1O3 8x105 
0 lxlO5 lxlO5 lxl O5 lxlO5 
5 CIO5 2x105 2x105 4x105 
10 3x105 lxlO5 lxlO5 2x105 
15 4xl05 3x105 2x105 3x105 
20 lxl O5 
Algal 
lxlO5 5x105 3x105 
cells or units/ml 
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APPENDIX 6 
The Mean Number of Algal Cells in Each Culture 
the Beginning of the Migration Chamber Experiment 
Algal cells or units/ml 
C. hypnosporum 5x10 
C. vulgaris 4x10 
C. pyrenoidosa 4x10 
Gloeocapsa sp. 4x10 
BBM 0 
v 
Vj
o 
ro
 ^
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APPENDIX 7 
An Analysis of the C. hypnosporum Component Experiment 
Data by the ANOVA Method 
Material tested 
1 
2 
3 
4 
5 
Algal cell residue on the .22um filter 
Filtrate 
Crushed residue on the .22um filter 
Crushed filtrate 
BBM Filtrate 
2 
F values 
BBM 
5 
Experiment number Base B. 
1. 2. 3. 4. 5- 
1. 2. B. 1 . 3. B. 1 . 4. B. 1. 5. B. 1.1. B. 
10.43** 5.79* 15.56** 19.08** 2.33 
13.38** 6.83 * 3-93* 2.19 3.80 
29.10** 9.45** 2.76 4.37* 8.08** 
6. 7. 8. 9. 10. 
2. 2. B. 2. 3. B. 2. 4. B. 2. 5. B. 3. 4. B. 
4.54* . 16 9•75** 1.68 2.77 
2.74 • 38 2.37 .07 509* 
. 86 .09 4.56* .14 2.42 
11. 12. 13. 14. 15. 
3. 3. B. 3- 5- B. 4. 4. B. 4. 5. B. 5. 5. B. 
.50 2.05 2.65 4.15* 1.23 
1.22 1.07 3-55 1.26 .64 
.0? .09 1.88 1.16 .48 
• 0
 
V_r
v ll • 89* 
• O
 II ON
 
• 93#* 
T
im
e 
(D
a
y
s)
 
APPENDIX 8 
F Test Values to Assess Ciliate Population Increases 
in Relation to Additions of Selected Algal Cells 
Algal Species 
C. p. C. v. C.h. BBM 
0 .67 l. 74 1.36 1.74 
2 .22 2.08 2.99 — 
6 .01 .23 .62 1.98 
10 2.86 1.32 1.55 2.17 
14 1.93 8.74* 15.40** 5.88 
18 4.12 36.68** 44.60** 4.02 
22 4.83 31.05** 57.76** 1.60 
C. hypnosporum 
C. pyrenoidosa 
C. vulgaris 
Bold's Basic 
Medium 
C.h. 
C. p. 
C. v. 
BBM 
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APPENDIX 10 
The Size op Each Cell Tested in the 
Ingestion Experiment 
Species tested Mean range (um) 
C. vulgaris 2-10 
Gloeocapsa sp. 3-15 
. hypnosporum (zoospore) 6-15 
. quadricauda 15-40 
Oscillatoria spp. 10-50 
\ 


